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I.  INTRODUCTION 


la  recent  years  The  Aerospace  Corporation's  Chemical  Kinetics  Department, 
a  branch  o£  the  Aerophyslcs  Laboratory,  has  prepared,  a  series  of  reports  that 
review  the  kinetics  of  hydrogen  halide  lasers  (HP,  DF,  and  HC1) The  most 
recent  of  these  reports  devoted  to  the  HF  system  was  published  in  June  1978 
and  covered  the  literature  through  September  1977.  The  most  recent  DF  review 
was  published  in  August  1977  and  covered  the  literature  through  1976.  Because 
the  HF  and  DF  reviews  were  made  separately  and  the  results  were  published  in 
alternate  reports,  there  were  occasional  inconsistencies  between  their  recom¬ 
mendations.  To  obviate  this  regrettable  circumstance,  we  have  therefore 
decided  to  review  the  two  systems  together  and  present  the  combined  results 
and  recommendations  in  the  present  report. 

In  the  format  of  this  report  ws  have  not  attempted  to  gather  all  per¬ 
tinent  data  already  reviewed  in  References  1-4.  We  have  concentrated  on 
reporting  only  the  more  recent  results,  but  our  recommendations  are  based  on 
all  the  available  literature.  Therefore,  for  the  laser  scientists  whose  need 
is  for  the  best  current  rate  data,  the  present  report  will  be  sufficient  until 
it  is  superseded  by  the  next  review.  For  the  kineticists  concerned  with  more 
detailed  information  on  particular  reactions  or  energy  transfer  processes,  the 
earlier  reviews  may  be  necessary  as  well.  Lists  of  recommended  rate  coeffi¬ 
cients  for  HF  and  for  DF,  based  on  all  the  literature  through  April  1981,  are 
given  in  Appendixes  A  and  B.  Appendixes  C  and  D  are  tables  indicating  the 
changes  in  recommendations  that  have  taken  place  since  the  recommendations  of 
References  2  and  4.  Appendix  E  is  a  table  summarising  the  current  status  of 
knowledge  concerning  all  the  reactions,  with  assessments  of  the  uncertainties 
in  the  various  rate  coefficients. 


II.  DISSOCIATION-RECOMBINATION  REACTIONS 


A.  HF  DISSOCIATION 

The  dissociation  of  HF  was  measured  in  this  laboratory  by  Jacobs,  Giedt, 
and  Cohen3  in  1965.  The  determination  of  the  rate  constant  for  the  reac¬ 
tion 


HP  +  M  jH  +  P+  M  (1) 

required  a  computer  program  to  model  the  HF  infrared  emission  and  relate  it  to 
the  dissociation  process.  Also  required  were  the  rate  coefficients  for  the 
other  Important  processes  occurring  behind  the  shock,  namely,  the  H  +  HF  ex¬ 
change  reaction  and  H2  dissociation.  In  Reference  1,  the  effects  of  updating 
the  values  used  for  the  latter  two  processes  on  the  determination  of  kj  were 
discussed,  and  it  was  concluded  that  no  revisions  in  the  value  of  kj  were  to 
be  made.  In  view  of  the  large  revisions  in  the  H  +  HF  rate  coefficient 
(Section  III),  this  analysis  was  repeated  again.  It  was  again  found  that  the 
new  calculations  made  only  negligible  changes  in  the  determined  value  for  kj. 
Hence,  the  previous  recommendation  for  that  rate  coefficient  still  stands. 

B.  DF  DISSOCIATION 

The  dissociation  of  DF  in  Ar  and  He  in  shock  tube  experiments  was  studied 
by  Bott  in  this  laboratory  several  years  ago,  but  the  experimental  data  were 
not  completely  analysed  until  recently.  The  analysis  has  now  been  concluded,6 
and  the  result  is  that  the  rate  coefficient 

DF  +  M  ♦  D  +  F  +  M  (2) 

for  M  -  Ar  is  best  described  by  k2  -  2.7  x  1022T  ’2  exp(  137,1 30/ RT)  cm3  mol’1 
s’1  at  temperatures  between  3600  and  7200  K.  This  yields  a  recombination  rate 
coefficient  that  is  Identical,  within  exparlmental  error,  to  that  for  H  +  F. 
A  few  experiments  performed  around  5000  K  indicate  DF  dissociation  occurs  more 
rapidly  in  Ha  than  in  Ar  by  a  factor  of  3.5  ±  0.5. 


C.  Hj  and  D«,  DISSOCIATION 

There  have  been  no  new  experimental  data  on  these  processes.  However, 
the  data  for  H2  dissociation  in  the  presence  of  H,  H.7 ,  Ar,  and  N2  have  been 
reviewed  by  Cohen  and  Westberg^  and  the  recommended  rate  coefficients  have 
been  revised  very  slightly  from  those  given  in  Reference  2.  The  current  re-* 
commendations  are  given  in  Appendixes  A  and  B.  The  D2  data  have  not  been 
reexamined,  so  the  previous  recommendations  still  apply. 

D.  F?  DISSOCIATION 

The  gas-phase  dissociation-recombination  of  Fj  has  not  been  the  subject 
of  new  studies,  but  there  has  been  work  done  on  the  heterogeneous  recombina¬ 
tion  process. *** ®  The  results  of  the  several  experimental  studies  are  not  in 
complete  agreement,  but  it  does  seem  that  the  condition  and  history  of  the 
surface  can  critically  Influence  the  recombination  rate.^  Therefore,  it  seems 
unwise  to  tabulate  experimental  results  that  may  have  been  obtained  on  a 
poorly  characterized  surface.  Although  we  did  list  experimental  data  in  our 
previous  review,4  laser  modelers  who  find  that  they  may  need  recombination 
rate  coefficients  for  a  particular  experimental  facility  would  be  well  advised 
to  measure  the  process  in  the  apparatus  of  Interest  rather  than  rely  on  data 
obtained  elsewhere  that  may  not  really  be  applicable. 


III.  METATHESIS  REACTIONS 


The  status  of  knowledge  concerning  the  overall  reaction  rates  for  all 
four  pumping  reactions 


P  +  H2  ♦  HF  +  H  (3) 
P  +  D2  ♦  DP  +  D  (4) 
H  +  P2  ♦  HP  +  P  (5) 
D  +  P2  ♦  DP  +  P  (6) 


has  Improved  considerably  since  the  last  reviews  in  this  series.  The  reac¬ 
tions  will  be  discussed  consecutively. 


A.  F  +  ^ 

In  our  1976  review  we  listed  (Table  1)  all  the  experimental  data  of  which 
we  were  aware  pertaining  to  the  absolute  measurement  of  k3;  relative  measure¬ 
ments  of  k3  were  tabulated  separately  (Table  2).  because  at  the  time  the  abso¬ 
lute  measurements  were  not  of  themselves  sufficiently  unambiguous  to  allow  a 
precise  determination  of  k3  with  great  confidence.  Since  that  time,  some  much 
more  reliable  measurements ,  as  well  as  numerous  theoretical  calculations,  have 
been  published.  Por  completeness,  all  the  absolute  experimental  measurements 
not  listed  in  the  1976  review  are  tabulated  here;  however,  our  evaluation 
rests  entirely  on  the  most  recent  two  of  these — the  measurements  of  Heldner  et 
al.1®  and  of  Wurzburg  and  Houston.11  In  both  of  these  studies,  P  atoms  were 
produced  by  multlphoton  dissociation  of  SFg  and  reacted  with  H2,  the  course  of 
reaction  being  monitored  by  observing  the  time-resolved  infrared  amission  from 
the  product  HF.  As  Pig.  1  shows,  the  room-temperature  determinations  of  the 
two  studies  differ  by  approximately  25Z;  the  source  of  this  discrepancy  has 
been  carefully  pursued  by  the  investigators  involved,  but  has  not  been  found. 
Furthermore,  there  is  a  difference  in  the  activation  energies  reported  by  the 
two  groups  of  Investigators,  but  this  can  be  partly  accounted  for  by  the  exis¬ 
tence  of  curvature  in  the  Arrhenius  plot  of  log  k3  versus  1/T  and  the  fact 
that  the  two  studies  were  conducted  over  different  temperature  ranges. 


11 


Expert 


‘Results  not  cited  In  teferance  1.  All  values  are  as  reported;  no  recalculations  or  reevaluations  have  been  aade 


An  extensive  series  of  transition-state  theory  calculations  has  been  car¬ 
ried  out  by  Westberg  and  Cohen,28  who  conclude  that  the  best  expression  con¬ 
sistent  with  both  the  experimental  data  and  the  best  theoretical  calculations 
of  the  geometry  of  the  transition  state  is  kj  ■  2.6  x  10*2T^*-’  exp(-610/RT) 
cm3  mol”*  -a“*  over  the  temperature  range  of  200  to  2000  K.  This  yields  a 
value  for  larger  than  the  1978  recommended  value  by  approximately  50%  at 
300  K,  but  within  15%  of  it  in  the  range  of  1000-2000  K. 

There  has  been  one  significant  remeasurement  of  the  HP  product  state 
distribution  in  this  pumping  reaction  since  our  1978  review.  Blttenson  et 
al.2®  developed  a  modification  of  Polanyl's  arrested  relaxation  technique30 
designed  to  permit  lower  flows 'and  time  dependence  measurements  of  the  emis¬ 
sion  spectra.  In  this  way,  corrections  for  secondary  processes  could  be  made. 
Their  results  differ  negligibly  from  those  of  Perry  and  Polanyi,3*  on  which 
our  1978  recommendation  was  based.  Hence,  we  recommend  again  the  values  ob¬ 
tained  by  Perry  and  Polanyl,  except  that,  following  the  suggestion  of  the 
theoretical  trajectory  calculations  of  Wilkins, 32  we  assume  no  direct  popu¬ 
lation  of  the  v  «  0  level.  Thus,  the  recommendations  are:  k3(l):k3(2):k3(3)  - 
0.15:0.55:0.30.  As  before,  we  assume  that  these  ratios  are  temperature  inde¬ 
pendent,  though  we  add  that  this  assumption  is  not  firmly  grounded  in  experi¬ 
mental  evidence. 

B. 

The  potential  energy  surface  for  this  reaction  is  the  same  as  that  of  re¬ 
action  1.  On  the  basis  of  transition-state  theory  calculations  performed 
using  this  potential  energy  surface  and  taking  into  account  the  recent,  reli¬ 
able  experimental  data  of  Heldner  et  al.*°  and  of  Wursberg  and  Houston,** 
Westberg  and  Cohen28  concluded  that  the  best  expression  for  k^  is 
2.0  x  io12T°*5  exp(-830/RT)  cm3  mol”*  s”*  for  200  <  T  <  2000  K.  The  two  most 
reliable  experimental  determinations  of  k^  are  those  of  Heldner  et  al.  and  of 
Wursberg  and  Houston.  These  experiments  were  carried  out  in  the  same  facili¬ 
ties  as  were  used  to  measure  k^;  however,  in  this  case  there  is  no  discrepancy 
between  the  room-temperature  results  of  the  two  studies.  These  results,  as 
well  as  others  published  since  our  1977  review,  are  listed  in  Table  2  and 
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plotted  In  Fig.  2.  The  recommended  expression  yields  values  for  k^  very 
similar  to  those  of  the  1977  recommendation  near  300  R,  but  smaller  by 
approximately  a  factor  of  2  in  the  range  of  1000-2000  K.  Both  the  new  and  the 
old  recommendations  are  shown  in  Fig.  2. 

The  DF  vibrational  distribution  in  this  reaction  has  been  remeasured 

29 

recently  by  Bittenson  et  al. ,  who  obtained  nearly  the  same  results,  within 

31 

experimental  uncertainty,  as  did  Perry  and  Polanyi.  We  retain  the  recommen¬ 
dation  of  our  last  review,  which  was  based  on  the  experimental  results  of 
Perry  and  Polanyi  at  300  and  1130  K. 

C.  H  +  F y 

The  recommendation  in  our  previous  reviews  was  based  on  the  experimental 
work  of  Albright  et  al.33  Since  then,  another  experimental  study  was  published 
by  Homann  et  al.3^  These  workers,  like  the  earlier  ones,  used  a  discharge 
flow  system  with  mass  spectrometry  to  monitor  reagent  and  product  concentra¬ 
tions.  However,  Homann  et  al.  did  not  sample  from  the  mixing  region,  thus 
avoiding  one  experimental  difficulty  of  the  earlier  study;  their  results 
therefore  seem  to  be  more  reliable  and  yield  values  of  kg  approximately  a  fac¬ 
tor  of  2  lower  than  those  of  Albright  et  al.  They  obtained  kj  ■  (4  i  1)  x 
1013  exp(-2187/RT)  cm3  mol”1  s”1.  A  single  room-temperature  measurement 
relative  to  the  rate  of  H  +  &2  has  also  been  reported  by  Sung  et  al.,33  but 
they  are  dubious  of  their  absolute  accuracy. 

28 

Westberg  and  Cohen  have  carried  out  transition-state  theory  calcula¬ 
tions  for  k^  and  determined  that  for  any  reasonable  geometry  of  the  transition 
state  there  will  be  curvature  in  the  Arrhenius  plot.  They  conclude,  on  the 
basis  of  experimental  results  of  Homann  et  al.  and  on  their  own  calculation, 
that  the  best  expression  for  kg  is  3.0  x  10^T1,3  exp(-1680/RT)  cm3  mol”1  s-1 
over  the  temperature  range  of  200  through  2000  K.  The  uncertainty  in  log  kg 
la  approximately  ±0.3  throughout  the  experimental  temperature  range  of  220 
through  500  K,  Increasing  to  ±  0.5  ac  2000  K.  Thus,  the  recommended  value  of 
kg  is  smaller  than  the  1978  recommendation  by  a  factor  of  2.3  at  300  R  and 
larger  at  2000  R  by  a  factor  of  2.7.  Both  recommendations,  as  well  as 
experimental  data,  are  shown  in  Fig.  3. 
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Fig.  2.  Bat*  Co«fflclent  for  F  +  D2.  Bxparlaantal  data  and  old 
and  naw  racoaaandad  azpraaaiona. 
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3»  Sac*  Coefficient  for  H  +  F**  Experimental  data  «"<< 
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The  recommendations  for  vibrational  distribution  given  in  our  1976  review 
were  based  on  the  experimental  results  of  Folanyl  and  Sloan,^  but  were  modi¬ 
fied  by  what  were  then  believed  to  be  the  best  values  for  the  HF  Einstein  co¬ 
efficients.  With  those  modifications,  it  appeared  that  less  than  5%  of  the 
nascent  HF(v)  was  produced  in  vibrational  levels  above  v  ■  6.  .Since  the  tra- 

07  's' 

jectory  calculations  of  Wilkins  suggested  no  direct  population  of  such  high 
vibrational  levels,  it  was  assumed  that  the  observations  could  be  accounted 

90 

for  by  vibrational  relaxation.  More  recently,  however,  Jakubetz  pointed  out 
an  error  in  the  Einstein  coefficient  corrections,  so  that  in  fact  the  experi¬ 
mental  results  suggest  as  much  as  25Z  of  the  nascent  HF  is  produced  in  v  ■  7 
and  8.  Sung  et  al.^5  reported  vibrational  distributions  very  similar. to  those 

90 

of  Ref.  36  except  for  the  absence  of  any  HF(8).  Bittenson  et  al.  performed 
computer  modeling  calculations  Indicating  that  under  experimental  conditions 
of  Folanyl  and  Sloan  there  would  Indeed  have  been  some  vibrational  relaxation 
prior  to  the  observations  being  made,  the  effect  of  which  would  be  to  form 
more  low-vibrational -level  HF  than  was  originally  produced  in  the  H  +  ?2  reac¬ 
tion.  However,  it  seems  less  likely  that  secondary  processes  could  produce 
high  vibrational  levels  where  they  did  not  already  exist.  It  seems,  there¬ 
fore,  that  the  experimental  results  of  Folanyl  and  Sloan, ^  corrected  with 
Einstein  coefficients  of  Slleo  and  Gool,^  are  to  be  preferred  over  the  tra¬ 
jectory  calculations.  Thus,  we  recommend  the  following  distribution  numbers: 

k5(0)  k5(l)  k5(2)  k5(3)  kj(4)  k5(5)  k5(6)  kj(7)  k5(8) 

000  0.07  0.10  0.23  0.33  0.15  0.12 

The  small  quantities  of  HF(1)  and  HF(2)  observed  are  attributed  to  secondary 
processes.  In  any  case,  the  amounts  produced  are  negligible  compared  to  the 
effects  of  reaction  (3).  It  has  previously  been  assumed  that  these  distribu¬ 
tion  numbers  were  temperature  Independent,  and  there  is  no  more  recent  infor¬ 
mation  that  would  support  altering  this  assumption. 


D.  D  +  F? 

There  are  no  experimental  measurements  of  kg.  However,  the  same  transi¬ 
tion-state  model  appropriate  for  the  H  +  F2  reaction  should  be  applicable  for 
this  reaction  as  well;  consequently,  kg  can  be  predicted  from  the  experimental 
results  for  kg.  Westberg  and  Cohen2®  discussed  this  problem  and  carried  out 
transition-state  theory  calculations  for  both  reactions.  They  concluded  that 
the  best  estimate  for  kg  is  2.0  x  109T**^  exp(-1650/RT)  cm2  mol-*  s“*  over  the 
temperature  range  of  200  through  2000  K,  with  an  uncertainty  in  log  kg  of 
approximately  ±0-3  up  to  500  K,  increasing  to  ±0.6  at  2000  K.  This  expression 
gives  recommended  values  for  kg  smaller  than  the  1977  recommendation  by 
approximately  30%  at  300  K  and  larger  at  2000  K  by  a  factor  of  3.6.  Both 
recommendations  are  shown  in  Pig.  4. 

Until  very  recently,  the  vibrational  distribution  for  this  reaction  had 
not  been  measured  directly,  and  recommendations  were  based  on  results  for  the 
H  +  ?2  reaction,  properly  scaled  to  take  into  account  the  difference  in  vibra¬ 
tional  frequencies  for  the  two  product  molecules.  Now  there  are  two  reports 
of  experimental  determinations. 

Jonathan  et  al.*®  used  the  measured  relaxation  Infrared  chemiluminescence 
method  which  had  been  used  in  the  same  laboratory  eight  years  ago  for  H  +  P2. 
They  observed  DF(v)  in  vibrational  levels  2  to  12,  with  the  v  -  10  level  the 
moat  heavily  populated.  Blttenson,  Tardy,  and  Hanna29  have  used  their  new 
technique,  called  chemiluminescence  mapping,  referred  to  in  Section  III. A.  In 
this  procedure,  D2  gas  is  passed  through  a  cooled  microwave  cavity  to  produce 
D  atoms,  which  are  then  mixed  with  flowing  P2,  the  flow  of  which  can  be  pulsed 
with  a  mechanical  chopper.  Emission  intensity  is  monitored  at  six  downstream 
positions,  at  each  of  which  a  spectral  scan  is  made.  By  repeatedly  pulsing 
and  adding  the  optical  signals  with  an  optical  multichannel  analyzer, 
Blttenson  et  al.  were  able  to  operate  at  considerably  lower  flow  rates  (and 
pressures)  than  were  previously  used  in  the  measured  relaxation  or  arrested 
relaxation  techniques:  typical  operating  conditions  for  their  experlswnts 
were  0.1  to  1  mTorr,  P2:H2  ratios  of  50  and  5000;  and  dissociation  of  H2 
ranging  from  IX  to  90Z.  These  refinements  were  apparently  successful  in 
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eliminating  secondary  reactions,  and  the  product  distribution  observed  was 
quite  narrow:  only  v  •  10  through  13  were  observed,  with  the  population 
peaking  at  v  -  11.  Their  results  are  compared  with  those  of  Jonathan  et  al. 
in  Table  3. 


Table  3.  Experimental  Measurements  of  D  +  F»  Vibrational 
Distribution  of  DF(v) 


V 

Jonathan  et  al.*® 

Blttenson  et  al.^ 

2 

0.01 

0 

3 

0.02 

0 

4 

0.02 

0 

5 

0.04 

0 

6 

0.04 

0 

7 

0.10 

0 

8 

0.14 

0 

9 

0.20 

0 

10 

0.24 

0.05 

11 

0.13 

0.51 

12 

0.06 

0.29 

13 

0 

0.15 

A  comparison  of  the  methods  and  results  suggests  that,  in  the  reeults  of 
Jonathan  et  al. ,*®  there  is  already  a  considerable  secondary  reaction  pro¬ 
ducing  a  much  wider  distribution  of  product  states.  The  narrow  distribution 
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observed  by  Blttenson  et  al.  is  in  qualitative  agreement  with  theoretical 
calculations  of  Wilkins but  the  observed  levels  are  shifted  upward 
(calculations  indicate  DF  is  formed  from  v  ■  5  through  9).  This  suggests  that 


Che  D  +  ?2  reaction  Is  significantly  more  efficient  at  converting  chemical  to 
vibrational  energy  than  is  H  +  F2,  but  the  reason  for  this  difference  is  not 
apparent.  Nevertheless,  the  results  of  Blttenson  et  al.  are  the  best  informa¬ 
tion  presently  available,  and  we  recommend  their  distribution  numbers. 


IV.  ENERGY  TRANSFER  PROCESSES 


There  are  two  persistent  problem  areas  in  HF  vibrational  relaxation: 
(1)  relaxation  by  H  atoms,  and  (2)  self-relaxation  by  a  combination  of  V-V  and 
V-R,T  energy  transfer.  Thesis  processes  continue  to  demand  attention  because 
(1)  they  are  the  fastest  deactivation  processes  in  the  HF  system  and,  there¬ 
fore,  are  principal  factors  in  the  loss  of  laser  power;  and  (2)  they  are  the 
most  difficult  to  resolve  experimentally ,  particularly  when  upper  vibrational 
levels  of  HF  are  Involved.  Recent  studies  in  both  areas  will  be  used  as 
guides  to  the  rate  coefficients. 

Vibrational  energy  transfer  studies  involving  DF,  though  extensive,  have 
lagged  behind  HF  studies  to  some  extent.  Insights  can  sometimes  be  gained  by 
examination  of  the  relevant  HF  data  for  analogous  processes.  Hie  have  not  at¬ 
tempted  a  critical  evaluation  of  the  theoretical  calculations  that  have  been 
published.  In  the  cases  where  experimental  evidence  seems  so  firm  as  to  leave 
little  room  for  doubt,  theoretical  predictions  have  been  Ignored.  Theoretical 
results  are  discussed  only  where  experimental  data  are  insufficient  or  com¬ 
pletely  lacking. 

Most  experimental  investigations  result  in  the  measurement  of  an  exponen¬ 
tial  relaxation  time  t  at  a  given  pressure  p  and  temperature  T.  In  order  to 
convert  this  relaxation  time  to  a  rate  coefficient  k  in  units  of  cm^  mol-1 
a”1,  certain  assumptions  concerning  the  nature  of  the  relaxation  process  must 
be  made.  According  to  the  harmonic  oscillator  model 


^  RT _ _ _  RT 

PT  k(l,0)  ”k<0,l)  k(l,0)11  *xp(“A  B/RT)1 

where  fc(i,o)  In  the  rate  coefficient  for  the  deectlvetion  of  the  v  -  1  level 
to  v  ■  0,  fc(o,i)  the  rets  coefficient  for  the  reverse  reaction,  AE  the  exo- 
t hern! city  of  the  reaction,  end  R  the  universal  gas  constant. 
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This  foraulation,  which  has  been  used  by  all  experimentalists  to  deduce 
rate  coefficients  from  their  measurements,  is  strictly  accurate  only  for  a 
harmonic  oscillator,  which  HF  and  DF  are  not.  However,  the  deviation  because 
of  anharmonicity  does  not  have  a  serious  effect.  More  important  is  the  impli¬ 
cit  assumption  that  the  vibrational  states  involved  are  rotationally  equili¬ 
brated.  While  this  assumption  is  valid  for  all  of  the  nonlasing  experiments 
in  which  rate  coefficients  have  been  measured,  it  is  probably  not  valid  in 
many  lasing  systems. 

In  the  following  paragraphs,  different  chaperones  are  treated,  and  an  an¬ 
alytical  expression  has  been  fitted  to  the  results  of  each  experimental  study 
where  the  deactivation  reactions  were  studied  over  a  range  of  temperatures. 

A.  HF  SELF-RELAXATION 

There  are  no  new  data  that  would  change  the  previous  recommendation4  for 
the  rate  coefficient  for  the  deactivation  process 

HF(1)  +  HF  HF(0)  +  HF  (7) 


However,  both  theoretical  and  experimental  studies  of  upper  vibrational  level 
deactivation  have  been  published. 4 1"“4^  An  important  conclusion  of  the 
separate  trajectory  calculations  of  Wilkins41  and  Billing  and  Poulsen4 ^  is 
that,  in  the  collision  between  two  HF  molecules,  one  of  which  is  vibrationally 
excited,  a  favored  process  is  the  internal  conversion  of  vibrational-to- 
rotatlonal  energy,  with  negligible  energy  being  transferred  to  the  collision 
partner.  This  result  is  consistent  with  arguments  by  Chen  and  Moore4®  on  the 
basis  of  experimental  data  for  HC1  and  D&.  An  important  difference  in  the 
conclusions  of  the  two  theoretical  studies  is  that  Wilkins  found  multiquantum 
transitions  to  represent  a  large  fraction  of  the  V-R,T  deactivation  of  the 
upper  levels,  whereas  Billing  and  Poulsen  found  them  to  be  unimportant.  Both 
studies  showed  V-V  transitions  to  be  primarily  single-quantum  processes.  One 
of  the  primary  differences  between  the  two  calculations  was  the  well  depth  of 
6.3  kcal/mol  used  by  Billing  and  Poulsen,  compared  to  the  value  of  2.7 
kcal/mol  used  by  Wilkins.  The  effect  of  the  value  of  the  well  depth  on  the 
results  is  currently  being  explored  by  Wilkins. 


Experimental  studies  of  HF  self-relaxation  of  the  upper  vibrational 
levels  have  been  performed  at  room  temperature  near  295  K.  Douglas  and 
Moore*^  used  a  pulsed  dye  laser  to  pump  a  small  fraction  of  HF  to  HF(4)  and 
monitored  the  decay  of  the  HF(4)  and  HF(3)  fluorescence.  They  determined  the 
rate  coefficients  for  the  deactivation  of  EF(4)  and  HF(3)  from  the  measured 
decay  times.  By  comparing  the  fluorescence  intensities  of  the  two  vibrational 
states,  they  concluded  that  the  single-quantum  processes 

HF(4)  +  HF(0)  >  HF(3)  +  HF(1)  (8a) 

HF(4)  +  HF(0)  ♦  HF(3)  +  HF(0)  (8b) 

accounted  for  at  least  90Z  of  the  deactivation  of  v  -  4. 

The  separation  of  the  total  rate  into  V-V  and  V-R,T  contributions  is  more 
difficult.  In  general,  the  rate  of  energy  transfer  decreases  as  the  magnitude 
of  vibrational  energy  converted  to  translational  energy  increases;  consequent¬ 
ly,  V-V  energy  transfer,  in  which  only  a  small  surplus  of  energy  is  trans¬ 
formed  to  translational  energy,  is  generally  much  faster  than  V-R,T 

transfer.  In  the  case  of  homonuclear  diatomics,  the  ratio  of  V-T  to  V-V 
transfer  rates  is  generally  several  orders  of  magnitude;  HF  and  DF  are  unusual 
in  that  the  difference  between  their  V-T  and  V-V  rates  is  only  one  order  of 

magnitude.  This  anomaly  makes  the  experimental  separation  of  V-V  from  V-T 

processes  difficult.  Our  recommendations  in  this  review  will  rest  partly  on 
theoretical  calculations  and  partly  on  an  analogy  of  HF  self -deactivation 
rates  to  HF -diatomic  molecule  deactivation  rates. 

In  Fig.  5  we  have  plotted  the  deactivation  rate  coefficients,  measured 
near  room  temperature,  versus  v.  Bott*7  has  postulated  that  several  sets  of 
HF  and  DF  relaxation  data  obtained  by  Poole  and  Smith*®**®  are  systematically 
low  by  factors  of  about  2.  On  this  basis  their  rate  coefficients  for  HF  self¬ 
relaxation  were  multiplied  by  a  factor  of  2.1.  Of  the  several  techniques  of 
upper  vibrational  level  deactivation,**"^  the  dye  laser  pumping  tech¬ 

nique****^  is  the  most  direct  and  the  simplest  to  Interpret  for  v  >  2.  The 
separation  of  the  rate  coefficients  into  V-V  and  V-R,T  contributions  is  not  so 
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straightforward,  and  we  have  to  use  theoretical  results  and  analogies  to  other 
experimental  results  as  a  guide. 

Recent  experimental  studies  of  HF(v)3**  and  DF(v)*7  deactivation  hy  dia¬ 
tomic  molecules  indicate  that  the  deactivation  rates  scale  as  v2,7  *  ^*2  for 
HF(v)  and  v1*^  *  for  DF(v)  when  the  process  is  exothermic.  The  v  scaling 
appears  to  be  independent  of  the  collision  partner  and  dependent  only  on  the 
nature  of  the  excited  molecule,  HF(v)  or  DF(v).  For  Instance,  the  deactiva¬ 
tion  rates  of  DF(v)  scale  the  same  in  Hj,  and  HF.  This  evidence  suggests 
that  the  rate  coefficients  for  the  exothermic  V-R,T  deactivation  of  HF(v)  by 
HF  should  scale  as  v2,7  *  °*2.  Indeed,  a  v2,6  scaling  of  the  v  »  1  data  gives 
a  good  fit  to  the  high  v  data  in  Fig.  5.  The  filled  square  for  v  ■  2  in 
Fig.  5  is  the  value  deduced  by  Cohen  and  Bott37  from  pulsed  laser  experiments 
for  the  V— R,T  deactivation  rate  of  HF(2).  It  is  also  in  good  agreement  with 
the  proposed  scaling  of  the  V-R,T  rate  coefficients.  Recent  measurements  by 
Jurslch  and  Crim**  of  v  ■  4,5,6  deactivation  fall  very  close  to  a  v2*7  scal¬ 
ing.  Like  the  other  experimental  measurements,  these  phenomenological  rates 
reflect  the  sum  of  all  deactivation  mechanisms. 

The  rate  coefficient  for  the  V-V  exchange 

HF(2)  +  HF(0)  ♦  HF(1)  +  HF(1)  AE  -  180  cm-1  (9) 

can  be  determined  from  Fig.  5  by  subtracting  the  V-lk?  contribution  from  the 
best  value  of  the  data  for  the  total  rate  coefficient.  Figure  5  shows  the  V-V 
and  V-R,T  contributions  to  be  about  equal  for  v  ■  2,  with  values  of  about  0.35 
(pTorr)-1  or  6.5  x  1012  cm3  mol-*  a”*,  giving  a  total  deactivation  rate  of 
0.70  (pTorr)-1  or  1.3  *  1013  cm3  mol-1  s”1.  The  extrapolation  of  the  V-V  rate 
to  higher  vibrational  levels  is  somewhat  uncertain.  Wilkins*1  and  Billing  and 
Poulsen*2  found  the  V-V  rate  coefficients  for  the  endothermic  exchanges 

HF(v)  +  HF(0)  ♦  HF(v-l)  +  HP(1)  AE  -  l\  (10) 
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to  decrease  with  v  near  room  temperature.  The  rate  coefficients  of  Billing 
and  Poulsen^3  increase  with  v  for  v  ■  2,  3,  and  4  at  somewhat  higher  tempera-* 
tures.  Wilkins^*  found  the  rate  coefficients  to  decrease  with  v  even  for  the 
exothermic  exchanges  (-10),  with  the  rate  coefficients  decreasing  as 
(1.81) l“v.  Qualitatively,  the  V-V  rates  can  be  expected  to  decrease,  at  least 
at  low  temperatures ,  because  of  their  Increasing  endothermicity.  According  to 
both  theoretical  studies,  the  V-V  exchange  rate  extrapolates  to  only  small 
contributions  to  the  total  deactivation  rate  of  the  high  vibrational  levels. 

In  Fig.  5  we  have  assumed  the  rate  coefficient  for  the  exchange  (10)  to 
be  proportional  to  v®*3-*  exp(AEv/RT),  where  ABV  is  the  exothermiclty  of  the 
exchange.  [The  values  of  are  negative  for  the  endothermic  exchange 
(10).]  This  dependence  is  a  compromise  between  the  theoretical  results  of 
Wilkins and  Billing  and  Poulsen;*^  it  is  also  the  v  dependence  of  HF(v) 
deactivation  by  H2«*8,38  The  deactivation  of  HF(v  -  1*2,3)  by  H2  occurs 
primarily  by  V-V  exchanges  if  the  present  understanding  is  correct  (Section 
IV.C.l),  and  these  exchanges  have  energy  mismatches  that  Increase  with  v  by 
approximately  the  same  amount  as  the  HF(v)-HF(0)  exchanges.  The  solid  curve 
in  Fig.  5  is  the  sub  of  this  V-V  rate  coefficient  and  the  V-R,T  rate 
coefficient  and  is  a  reasonable  fit  to  the  data.  In  a  study  of 

DF(2)  +  DF(0)  i1  DF( 1)  +  DF(1)  (11) 
k-ll 

Bott38  found  kjj  *  T”1  exp(-AE1j/RT)  for  the  endothermic  rate  coefficient 
which  implies  k_jj  «  T”1  for  the  exothermic  exchange  rate.  The  T”1  tempera¬ 
ture  dependence  of  k_11  is  characteristic  of  HF(1)-HF,  DF(1)-DF,  and  DF(1)-HF 
V-R,T  deactivation  processes,  all  of  which  are  exothermic.  Therefore,  we  sug¬ 
gest  for  the  V-V  exchanges  (10)  rate  coefficients  of 

k,  ■  3.6  x  1015T  exp(AEy/RT)  cm3  mol-1  a”1 

Our  recommended  rate  coefficients  for  HF  and  DF  self -deactivation  by 
V-R,T  processes  reflect  the  results  of  experiments  in  noalasing  systems. 
Under  such  conditions,  in  which  the  various  vibrational  states  are  in 


rotational  equilibrium,  tha  plots  of  k  versus  1/T  Indicate  a  minimum  (at  about 
1300  X  for  HF  and  for  DF).  Detailed  state-to-stat-e  rate  coefficients  obtained 
by  Wilkins**  with  trajectory  calculations  increase  oonotonlcally  with  T. 
Wilkins  and  Kwok3^  have  argued  that  the  minima  in  the  plots  of  rate  coeffi¬ 
cients  versus  T  occur  because  the  empirical  V-R,T  process  is  actually  a  com¬ 
plex  combination  of  many  V-R,T  and  R-R  processes.  Thus,  the  recommended  rate 
coefficients  may  not  be  valid  when  rotational  states  are  not  equilibrated. 

B.  Dg  SELF-RELAXATION 

The  deactivation  process 

DF(1)  +  DF  ♦  DF(0)  +  DF  (12) 

has  been  studied  by  a  number  of  independent  investigators  in  the  temperature 
range  of  200  to  5000  K.  The  data  are  shown  in  Fig.  1  of  Reference  2  and  are 
fitted  reasonably  well  by  the  expression  k  ■  (10** *9  T”**3  +  io*'05!3*37)  cn3 
mol“*  s“* . 

The  total  rate  coefficient  for  the  sum  of  the  two  deactivation  processes 

DF(2)  +  DF(0)  DF(1)  +  DP(1)  AE  -  91.6  cm”*  (13a) 

♦  DF(1)  +  DF(0)  (13b) 

has  been  studied3®  between  295  and  720  K.  Self-deactivation  studies  for  v  >  2 
have  not  been  performed.  Theoretical  calculations  and  experimental  studies  of 
similar  processes  in  HF  and  DF  can  serve  as  a  guide.  For  instance,  the  deac¬ 
tivation  rates*7  of  DF(v)  by  H2,  N2,  and  HF  scale  as  v*’*  *  0,*»  suggesting 
that  the  rate  coefficients  for  the  exothermic  V-R,T  deactivation  of  DF(v)  by 
DF  should  also  scale  as  v*‘*  *  °‘*. 

Similar  arguments  were  used  in  the  previous  section  for  HF  self- 
relaxation.  Tha  question  of  single  or  multiquantum  transitions  is  an  important 
one.  Although  the  calculations  of  Wilkins  predicted  that  multlquantum  transi¬ 
tions  are  important  in  DF  V-R,T  self-relaxation,®0  as  well  as  in  HF  V-R,T 
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self -relaxation, 41  those  of  Poulsen  and  Billing42*61  for  HF(v)-HF,  HF(v)-DF(0) 
and  DF(v)-HF(0)  deactivation  predicted  single-quantum  transitions.  On  the 
basis  of  the  Douglas  and  Moore43  experiment,  we  chose  single-quantum  transi¬ 
tions  for  HF,  and  it  would  seem  appropriate  to  do  the  same  for  DF.  Therefore, 

for  the  process 

DF(v)  +  DF  ♦  DF(v-l)  +  DF  (14) 

we  would  suggest  ky  ■  v1#®  (1014*3  T  -1#3  +  104*®3  T2*3^)  cn3  s“l. 

The  rate  coefficient  for  V-V  exchange  between  DF(2)  and  DF(O)  (process 
13a)  can  be  estimated  from  the  total  rate  measurements  and  the  V-R,T  rates 
scaled  as  v1*^  to  v  -  2.  The  total  rate  coefficient  at  295  K  was  found  to  be 
0.73  (vs  Torr)-1  by  Bott3®  and  only  slightly  slower  by  Ernst.62  For  a  value 
of  0.020  (us  Torr)-1  for  the  deactivation  of  v  ■  1,  one  obtains  a  value  of 

0.075  (us  Torr)-1  for  the  V-R,T  deactivation  rate  of  v  ■  2  with  the  v1*^  scal¬ 

ing.  The  subtraction  of  this  small  contribution  from  the  total  rate  coeffi¬ 
cient  of  0.73  (us  Torr)-1  gives  0.65  (us  Torr)-1  or  1.2  *  1013  cm3  mol-1  s-1 
for  the  endothermic  exchange  (13a).  If  rotational  equilibrium  is  assumed,  the 
exothermic  back  reaction  (-13a)  can  be  calculated  to  be  k.^  -  1.9  x  io13  cm3 
mol-1  s-1  at  295  K,  or  with  the  temperature  dependence  found  by  Bott,  k_j3a  ■ 
5.6  x  1013  T-1  cm3  mol-1  s-1.  We  concluded  in  the  previous  section  that  the 
rate  coefficient  for  the  analogous  1,1;0,2  exchange  in  HF  has  the  slightly 
smaller  rate  coefficient  of  4.6  x  1013  T-1  cm3  mol-1  s-1. 

There  are  no  experimental  data  for  exchanges  involving  DF(v  >  2)  such  as 

DF(v)  +  DF(0)  ♦  DF(v  -  1)  +  DF(1)  (15) 

Wilkins'  theoretical  study6®  found  the  rate  coefficients  for  exchange  (15)  to 
decrease  by  a  factor  of  1.6  with  each  Increase  in  v,  as  well  as  by  a  factor  of 
exp(-AEy/RT)  that  results  from  the  endothermlcity,  4EV,  of  the  exchange.  An 
analogy  can  be  made  between  exchange  (15)  and  exchange  (16), 


since  ths  letter  exchengs  has  sndothsrnlcltles  that  increase  with  v  in  the 
same  Banner  as  do  the  endothermidtles  of  exchange  (15).  In  a  study47  of 
DF(v  ■  1  -  4)  relaxation  by  D2,  the  rate  coefficients  were  found  to  scale  with 
v  as  v®*5  exp(-AEv/RT),  where  AEy  is  the  energy  mismatch  of  the  exchange. 
(The  exothermic  exchange  in  the  reverse  direction  scales  simply  as  v0,5). 
Using  this  analogy  and  the  measured  rate  coefficient  for  exchange  (13a),  we 
obtain  for  exchange  (15)  the  rate  coefficients,-  ky  ■  4  »  10**  v®**  T”* 
exp(-dEy/ST)  cm*  mol”*  s“*.  The  rate  coefficients  for  the  exothermic  reverse 
exchange  (-15)  are  simply  -  4  x  10**  cm*  mol”*  s“*. 

C.  HF  (DF)  RELAXATION  BY  DIATOMIC  MOLECULES 

As  mentioned  in  Section  A,-  several  experimental  studies  .of  HF(v)  and 
UF(v)  deactivation  by  diatomic  molecules  indicate  that  the  deactivation  rates 
scale  as  v2,7  *  0,2  for  HF(v  -  1,2,3)  and  v**9  *  0,1  for  DF  (v  »  1  -  4)  when 
the  process  is  exothermic  (Reference  47).  No  evidence  of  multiquantum  pro¬ 
cesses  was  found  in  the  studies6*  of  HF(v  -  3,4)  deactivation  by  HF,  D2,  N2. 
Studies64*6*  performed  at  200  K  ahowed  essentially  the  same  v  dependence  as 
that  found  at  295  K.  However,  at  very  high  or  very  low  temperatures,  the  v 
dependence  could  be  temperature  dependent.  For  the  present  review,  we  will 
aasume  single-quantum  deactivation  processes  and  the  above  v  dependences 
Independent  of  temperature. 

1.  HF  DEACTIVATION 

Bott  and  Cohen66  measured  the  deactivation  rates  for  HF(1)  in  H2,  02,  N2, 
02,  DF,  HC1,  NO,  CO,  and  HBr  by  the  STLIF  technique  between  295  and  about 
1000  K.  The  deactivation  process  in  all  of  these  cases  is  a  combination  of  V- 
V  and  V-R,T  processes.  No  experiments  have  been  performed  to  determine  the 
exact  proportions.  However,  the  data66  for  HF-H2  exchange  rates  Indicate  that 
the  deactivation  of  HF(1)  by  H2  occurs  chiefly  through  the  V-V  exchange  pro¬ 
cess.  Fluorescence  observed  from  the  infrared-active  molecules  is  also  evi¬ 
dence  of  V-V  exchange.  Data  have  been  obtained  down  to  200  to  205  K  for  HF(1) 
relaxation  in  DF  by  Lucht  and  Cool67  and  in  H2,  N2,  and  D2  by  Bott  and 
Heldner.6*  The  data67  for  the  V-R,T  relaxation  of  DF(  1)  by  HF  have  essen¬ 
tially  the  same  temperature  dependence  as  data  for  the  V-V  and  V-R,T  relax*- 


tion  of  HF(i)  in  DF  at  temperatures  between  200  and  900  K.  The  ehaoratical 
calculations  of  Poulsen  and  Billing®1  shoved  the  V-V  contribution  to  the 
HF(1)-DF  rate  to  be  about  twice  that  for  the  V-R,T  contribution  at  300  K  with 
the  V-R,T  contribution  dominating  at  high  temperatures.  Wilkins,®®  on  the 
other  hand,  found  the  V-R,T  contribution  to  be  larger  than  the  V-V 

contribution.  For  lack  of  better  information,  we  would  recommend  k(v)  -  ' 7 

(1.8  *  101*  T"1  +  2. 1  x  10*  T3*3®)  cm3  mol"1  a"1  for 

HF(v)  +  DF(0)  *  HF(v-l)  +  DF(0)  (17) 

and  k(v)  ■  1.8  x  101*  v  2. 7^-1  ca3  ^^-l  S"1  for 

HF(v)  +  DF(0)  ♦  HF(v-l)  +  DF(1)  (18) 

The  new  measurements®*  for  HF(v  "  1,2,3)  relaxation  at  200  K  in  N2  H2 
suggest  only  small  changes  In  the  recommended  rate  coefficients.  The  relaxa¬ 
tion  of  HF( 1)  by  N2  Is  well-described  between  200  and  1500  K  by 

k  -  (7.4  x  1011  T”1  +  14.3  T3)  cm3  mol"1  s"1 

with  a  v2-7  scaling  for  the  higher  vibrational  levels.  A  good  fit  to  the  data 

for  the  HF(1)  V-V  exchange  with  H2  between  200  and  1000  K  is  given  by 

k  -  2.4  x  1010  T0'3  exp(167/RT)  cm3  mol"1  s"1 

This  can  be  generalized  to  the  V-V  exchanges  for  the  higher  vibrational  levels 
of  HP  such  as 

HF(v)  +  ^(0)  *  HF(v  -  1)  +  H2(l)  (19) 

with  the  expression 

k(v)  «  2.4  x  IQ1®  v®*33  x  T®*3  exp(407  -  AEy)/RT  cm3  mol"1  s"1 


In  spit*  of  the  v®*35  dopondoncc,  this  rats  coefficient  decreases  with  v 
because  of  Its  exponential  dependence  on  -AEy/RT.  The  rate  coefficient  for 
the  reverse  exothermic  process  is  simply 

lc(v)  -  2.4  x  1010  v0,35  x  T0*5  exp(407/RT) 

Bott8^  has  studied  the  V^, T  relaxation  of  HF(1)  by  Hj  from  295  K  to  600 
K.  The  data  show  considerable  scatter  and  only  a  weak  temperature  dependence. 
The  scatter  in  the  data  results  in  part  from  the  complications  of  the  V-V 
vibrational  exchange  between  HF  and  H2.  The  deactivation  of  DF(1)  by  H2  is 
not  complicated  by  such  V-9  exchanges  and  can  be  used  as  a  guide  to  the  tem¬ 
perature  dependence  of  the  HF(1)-H2  rate  coefficients.  The  rate  coefficients 
for  the  DF(1)-H2  deactivation  have  been  measured  at  temperatures  between  200 
and  4000  k*5,69  and  can  be  described  by  the  expression  k  ■  (1.0  x  1012  T-1  + 
1.7  x  10*  T2*28)  cm3  mol*1  s"1  between  200  and  2000  K.  The  first  term  in  this 
expression  is  not  precisely  determined  by  the  data,  and  T8  or  T“2  could  also 
be  used.  However,  the  similarity  of  the  second  term,  T2* ;3,  to  the  dominant 
hlgh-te^erature  dependences  of  HF  and  DF  self-relaxation  should  be  noted.  In 
absolute  value  the  DF-DF  high-temperature  term  is  -  30Z  larger  than  the  DF-H2 
high-temperature  term  at  1500  K.  Attractive  forces  would  be  expected  to  play 
a  much  smaller  role  in  DF-H2  relaxation;  this  would  explain  the  smaller  con¬ 
tribution  of  the  T”1  term  at  low  temperatures.  For  lack  of  a  better  method, 
at  the  present  time  we  would  recommend  using  rate  coefficients  for  HF( D-H2 
and  DF(1)-D2  V-R,T  deactivation  based  on' the  DF( l)-^  rates  but  scaled,  to  the 
few  measurements  of  Reference  69.  Therefore,  for  the  V-R.T  relaxation  of 
HF(v)  by  H2 


HF(v)  +  H2  HF(v  -  1)  +  H2 


we  would  recommend 

k  -  v2,7(0.6  x  1012  T"1  +  1.0  x  10*  T2*28)  cm3  mol*1  s*1 


(20) 


Such  a  sealing  with  v  is  cona latent  with  Pools  and  Smith's  lntarpratation  of 
Chair  data,  which  ara  plotted  in  Fig.  6* 

2.  DF  DEACTIVATION 

Studies  of  DF(1)  deactivation  by  HF,  D2,  H2,  02,  HC1,  HBr,  NO,  DBr,  and 
CO  are  reviewed  in  Reference  2.  Recent  measurements*'  of  DF(v  -  1,2,3) 
relaxation  in  Hj,  HF,  N2,  and  D2  have  bean  obtained  at  200  K  aa  well  as  at  295 
K.47  NSw  theoretical  work  includes  that  of  Poulsen  and  Billing*1  for  DF  (v  - 
1  -  7)  in  HF.  Our  recoamsndad  rata  coefficient  for  the  V-R,T  deactivation  of 
DF(v)  by  HF  is 

k  -  v1,9(5.2  x  1014  T"1*2  +  1.3  x  102  T3)  cm3  mol-1  s"1 
•  2 

unchanged  froa  the  previous  recommendation*  except  for  the  v  scaling. 

The  rate  coefficient  that  fits  the  data2**3  between  200  K  and  1000  K  for 
the  combined  V-V  and  V-R,T  deactivation  of  DF  by  N2  is 

k  «  v1#9(1.2  x  1010  +  1.9  x  104  T2)  cm3  mol”1  a"1. 

The  deactivation  of  DF(1)  by  02  occurs  primarily  by  the  energy  transfer 
process 

DF(l)  +  D2<0)  ♦  DF(0)  +  D2(l)  (21) 

A  rate  coefficient  of  5.0  x  1011  exp(-244/RT)  cm3  mol"1  8-1  gives  a  good 
fit  to  the  data7*1  at  temperatures  between  295  and  760  K.  However,  a  rate  co¬ 
efficient  of 

k  -  1.58  x  1010  x  T0'5  exp( 169/RT)  cm3  mol"1  s"1 

gives  a  somewhat  better  fit  to  the  data  between  295  and  760  K  and  also  at 
200  K.*3  The  rate  coefficients  for  the  vibrational  exchanges 


DF(v)  +  D2(0)  ♦  DT(v  -  1)  ♦  D2(l)  +  ABv  (22) 

decrease*®’®3  with  v  because  of  the  Increasing  endo the  raid ty  of  the  exchange. 
The  exchange  rate  coefficients  can  best  be  written  for  the  reverse  exothermic 
energy  transfer  processes: 

k  -  1.58  x  1010  v0*5  x  t0,5  exp(407/RT)  cm3  mol”1  a"1 

Note  that  this  rate  coefficient  has  the  some  temperature  coefficient  as  that 
for  the  analogous  H2-HF  exchange.  The  V-R,T  deactivation  process 

DF(v)  +  D2(0)  ♦  DF(v  -  1)  +  D2(0)  (23) 

la  much  less  important.  On  the  basis  of  the  previous  discussion  for  HF(v)-H2 
deactivation,  we  would  recommend  k  ■  v1#®(1.5  x  1011  I  **  +  2.5  *  103  T2*2®) 
cm3  mol"1  s"1. 

D.  HF(DF)  DEACTIVATION  BY  ATOMS 
1.  HF  DEACTIVATION  BY  H  ATOMS 

The  rate  coefficients  for  v  -  1  and  2  deactivation  are  listed  in  Table  4 
and  are  changed  slightly  from  the  previous  recommendations,*  to  correct  an 
error  in  the  A  factors.  In  Table  4  the  deactivation  by  H  atoms  is  shown  as 
three  separate  processes,  the  first  one  for  all  v,  the  second  for  v  >  3,  and 
the  third  for  v  >  4.  For. all  practical  purposes,  the  first  process  is  impor¬ 
tant  only  for  v  -  1  and  2  because  of  the  large  rate  coefficients  for  the 
second  process  for  v  >  3. 

Since  the  lost  reviews  of  HF  and  DF  relaxation,2’*  Bott  and  Heidnar71 
hove  published  their  study  of  HF(3)  deactivation  by  H  and  D  atoms  at  200  K, 
and  Bartossek  at  al»72  have  reported  their  studies  of  HF(v  *1-6)  deactiva¬ 
tion  b>  H  and  D  atoms.  Tha  results  of  these  two  studies  show  that  the  rates 
of  HF(v  ■  3  -  6)  deactivation  by  H  and  D  atoms  are  much  faster  than  those  of 
HF(v  •  1,  2).  However,  the  two  studies  yield  contradictory  evidence  os  to  the 
mechanism  of  the  upper-level  deactivation  and,  therefore,  the  absolute  values 
of  the  rate  coefficients. 
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BoCt  and  Heldner  made  laser-induced  fluorescence  measurements  in  a  dis¬ 
charge  flow-tube  apparatus  and  obtained  the  rates  of  HF(3)  removal  by  H  and  D 
atoms  at  295  K  and  200  K.  They  had  previously  measured  HF(v  ■  1,  2,  3)  deac¬ 
tivation  by  H  and  D  atoms  at  295  K.73,7^  They  obtained  a  total  removal  rate 
of  (6.3  ±  1.5)  *  1013  cm3  mol"1  s"1  for  HF(3)  by  H  at  295  K  and  (10  ±  1.2)  x 
1013  cm3  mol"1  s"1  at  200  K.  Channels  for  HF(3)  removal  include 

HF(3)  +  H  HF(2,1,0)  +  H  (24a) 

HF(3)  +  H  ♦  +  PH(2,1,0)  (24b) 


and 


HF(3)  +  H  ♦  H2  +  P  (25)  ' 

The  kinetic  and  theraochemical  data  for  the  reaction  of  P  +  Hj  and  the 
known  vibrational  distribution  of  product  HP  can  be  used  to  calculate  k^  “ 
(1.4  ±  0.6)  x  1013  cm3  mol"1  s"1  at  295  K  if  rotational  equilibrium  Is 
assumed.  This  Is  about  22Z  of  the  total  removal  rate  measured  by  Bott  and 
Heldner.  Since  k2j  has  a  positive  activation  energy,  It  should  be  an  even 
smaller  contribution  to  the  total'  reaoval  rate  at  200  K  If  the  initial  vibra¬ 
tional  distribution  produced  by  the  F  +  H2  does  not  change  drastically.  On 
the  basis  of  these  considerations,  Bott  and  Heldner71  concluded  that  channel 
(24)  had  to  be  the  major  deactivation  path. 

Polanyl  and  coworkers 7*  used  the  method  of  chemiluminescence  depletion 
with  mass  spectrometry  (CDMS)  to  study  removal  rates  of  HF(v  ■  1  -  6)  by  D 
atoms.  By  this  technique  they  could  determine  relative  depletion  rates  of  the 
verlous  levels  and  appearance  rates  of  products.  They  found  the  depletion 
rates  of  HF(v)  to  Increase  dreaatlcally  for  v  -  3  through  6  from  the  very  low 
rates  for  v  ■  1  and  2.  This  part  of  their  observation  is  consistent  with  the 
measurements  of  Bott  and  Heldner.  However,  Polanyl  and  coworkers  found  only 
HD  to  be  produced  by  the  removal  of  HF(3)  by  D  atoms  added  to  HF(v  -  1,  2,  3) 
formed  by  the  P  +  CH^  reaction.  Ho  HF(.  "1,  2)  increases  were  observed. 
These  results  suggest  that  the  removal  of  HF(3)  by  D  atoms  occurs  solely  by 
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the  isotopic  analog  of  reaction  (25)*  In  other  experiments  they  found  the 
reaoval  of  HF(v  ■  5,  6)  correlated  with  the  production  of  DF.  This  indicates 
Che  exchange  process 

HF(v)  +  D  t.  DF  +  H  (26) 

has  a  large  activation  energy  of  ~  49  Kcal/mol.  An  ab  initio  calculation  by 
Bender  et  al.7^  indicated  that  the  H-F-H  surface  has  a  barrier  height  of  ~  40 
kcal/mol.  Preliminary  results  of  a  similar  calculation  by  Wadt  and  Winter76 
also  Indicate  a  barrier  of  36  ±  4  kcal/mol.  These  calculated  barrier  heights 
are  somewhat  lower  than  the  ~  49  kcal/mol  indicated  by  the  experiments  of 
Polanyl  et  al. ,  but  are  not  so  small  as  to  be  inconsistent. 

A  mechanism  that  would  account  for  the  fast  HF(3)  removal  rate  and  the 
negative  activation  energy  obtained  by  Bott  and  Heidner  would  probably  produce 
HF(2).  Polanyl  and  coworkers  did  not  observe  an  HF(2)  production  rate  that 
could  be  correlated  with  the  HF(3)  removal  rate.  However,  they  did  not  com¬ 
pare  the  relative  sensitivities  of  HD  and  HF(2)  measurements. 

Keeping  in  mind  the  uncertainty  introduced  by  the  work  of  Polanyl  et  al. 
we  nevertheless  recommend  the  rate  coefficients  listed  in  Table  4  for  the 
deactivation  of  HF(v  ■  3  -  6)  by  H  atoms.  The  T~*  temperature  dependence  fits 
the  measurements  of  Bott  and  Heidner  at  200  and  293  K  aqd  makes  this  deactiva¬ 
tion  mechanism  of  less  Importance  at  higher  temperatures.  The  A  factor  has 
been  calculated  by  subtracting  the  contribution  of  reaction  (25)  from  the 
measured  removal  rate.  The  A  factors  have  been  chosen  to  Increase  with  v. 

The  removal  rates  of  HF(v  >  3)  by  H  atoms  by  the  reaction 

H  +  HF(v)  H2(v')  +  F  (27) 

have  been  reported  by  Wilkins,77  who  performed  Monte  Carlo  trajectory  calcula¬ 
tions.  Be  found  the  A  factors  to  increase  somewhat  with  v.  Based  on  the 
reco— nded  value  of  the  F  +  Hj  rate  coefficient,  the  distribution  over  vibra¬ 
tional  levels,  and  the  JANAF  equilibrium  constant,  the  rate  coefficient  for 


reaction  (27)  for  v  ■  3  is  k  -  1.8  x  lO^T®*17®  «xp(-760/RT)  cm^  mol"1  s”1 
near  295  K.  Using  Wilkins'  calculations  as  a  guide  to  the  activation  energy 
and  distributions  over  v',  we  would  suggest 

k27(v,v')  •  Sv,v'  x  ^*0  x  exp(-500/RT)  ca^  mol"1  s"1 

^tb  *4.0  *  *4,1  “  °*5i  *5,0  “  °*5»  *5,1  -  11  and  *6,0  *  *6,1  *  °*5»  *6,2  “ 
1.5.  These  rate  coefficients  are  somewhat  larger  than  those  previously  recom¬ 
mended,  1  but  are  smaller  than  the  present  recommendation  for  the  deactivation 
processes  (24). 

2.  DF  DEACTIVATION  B7  D  ATOMS 

Experimental  data  for  DF(v)  deactivation  by  D  atoms  are  almost  non¬ 
existent.  Heidner  and  Bott7^  studied  the  deactivation  of  HF(1)  and  DF(1)  by  H 
and  D  atoms  and  obtained  a  relaxation  rate  coefficient  of  (0  ±  9)  x  101®  car1 
mol"1  s”1  for  the  deactivation  process 

D  +  DF(1)  -►  DF(0)  +  D  (28) 

compared  to  (1.4  ±  0.4)  x  101 1  ca^  mol-1  s-1  for  the  deactivation  rate  of 
HF(1)  by  H.  In  the  same  paper  they  found  D  atoms  to  be  only  1/10  as  effective 
as  H  atoms  in  the  deactivation  of  HF(1),  and  H  atoms  to  be  twice  as  effective 
on  HF(1)  as  on  DF(1).  This  raises  the  possibility  of  the  relaxation  rate  of 
(28)  being  ~1/10  to  -4/20  of  that  for  H  +  HF(1),  or  1  x  101®  cm^  mol"1  s"1. 
Such  a  low  value  would  mean  that  deactivation  of  DF(v  <  4)  by  D  atoms  is  prob¬ 
ably  not  significant  for  chemical  laser  modeling.  Wilkins77  performed  tra¬ 
jectory  calculations  and  found  for  v  *  1  that  kg  +  HF/kD  +  DF  ■  3.8  at  room 
temperature  with  kg  +  DF  “  exp(-2000/RT)  cm"1  mol"1  s"1.  If  we  take  his 

activation  energy  and  scale  down  the  A  factor  so  that  k  -  4  x  1011  exp(-2000/ 
RT)  cm""  mol”1  s”1,  we  obtain  1.3  «  101®  cm"1  mol”1  s"1  at  295  K.  This  A  factor 
is  the  same  as  that  for  the  H  +  HF(1)  deactivation  rate  coefficient.  For  lack 
of  better  information  we  will  assume  the  rate  coefficient  to  be  the  same  for 
the  various  v,v'  processes. 
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As  in  the  case  of  HF,  the  deactivation  of  levels  of  v  >  5  by  the  reac¬ 
tions 

D  +  DF(v)  >  D2(v' )  +  F  (29) 

can  be  scaled  from  the  rate  coefficient  for  v  -  4.  Using  the  recommended  rate 
coefficient  for  F  +  D2,  the  distribution  over  v,  and  the  equilibrium  constant, 
we  calculate  k2g(4,0)  -  3.3  x  10**  exp(i7/RT)  cm^  mol“*  s“*  for  v  ■  4 
and  v*  ■  0.  This  has  a  value  of  1.0  x  10^  cm^  mol“*  s~*  at  T  ■  295  K.  For 
v  >  5  we  will  assume  k2g(v,  v*)  ■  v  x  10*^  [exp(-500/RT) ]/(v-3)  cm^  mol-1  s~* 
with  the  rate  being  equally  probable  for  all  values  of  v'  for  which  the  reac¬ 
tion  is  exothermic.  This  distribution  over  v'  differs  from  that  recommended 
for  H  +  HF(v),  for  which  more  calculations  are  available.  There  are  no 
experimental  data  in  either  case. 

There  may  be  a  deactivation  process  for  DF(v  >  4)  analogous  to  that  pro¬ 
posed  for  HF  (v  >  3)  with  the  1/T  temperature  dependence.  For  the  present  it 
does  not  seem  warranted  to  speculate  on  what  rate  coefficients  such  a  process 
might  have.  Since  D  +  DF(  L)  is  much  less  efficient  than  H  +  HF(1),  the  D  + 
DF(4)  deactivation  rate  coefficient  may  be  correspondingly  slower,  and  there¬ 
fore  small  with  respect  to  the  removal  rate  of  DF(4)  in  reaction  (29). 

3.  HF  AND  DF  DEACTIVATION  BY  F  ATOMS 

Experimental  and  theoretical  studies  have  been  reviewed  in  Reference  2. 
A  rate  coefficient  of  k  -  4  x  10*  ^  exp(-2?00/RT)  cm-*  mol"1  s“*  for  the  deacti¬ 
vation  of  DF(1)  by  F  is  in  substantial  agreement  with  the  room-temperature 
measurements  and  the  theoretical  activation  energy. ^  Also,  we  recommend  k  - 
1.7  x  10*^  exp(-2700/RT)  cm^  mol'"*-  s~*  for  HF(1)  deactivation  by  F.  These 
rate  coefficients  disagree  somewhat  with  high-temperature  (~  2000  K)  data,  but 
should  hold  at  the  lower  temperatures  at  which  chemical  lasers  operate.  For 
lack  of  better  information,  we  have  assumed  single  quantum  deactivation  and 
the  same  vn  scaling  that  holds  for  deactivation  by  diatomic  molecules.  The 
theoretical  calculations  (see  Ref.  2)  predicted  faster  rate  coefficients, 
multiquantum  relaxation,  and  a  somewhat  slower  scaling  with  v. 
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4.  HF  AND  OF  DEACTIVATION  BY  Ar  AND  He 

Within  the  accuracy  of  the  experimental  data/'®  the  relaxation  times  of 

DF(1)  and  HF(1)  In  Ar  appear  to  have  very  similar  temperature  dependences, 

with  HF(1)  being  relaxed  1*3  to  1.5  times  as  fast  as  DF  between  1500  and 

4000  K.  The  HF(1)  and  DF(1)  relaxation  times  In  helium  also  have  similar 

7ft 

temperature  dependences,  with  the  HF(1)-He  rate  being  faster  than  the 
DF(1)-He  rate  by  a  factor  of  a  1.3.  For  deactivation  by  Air,  we  previously 
recommended  k  «  A  *  10“  ®  T^*®  cm3  nol“*  a“*.  with  A  ■  7  for  DF(1)  and  A  »  9 
for  HF(1).  For  deactivation  by  Be,  we  had  recommended  k  -  A  x  10“®T^*  75  cm® 
mol-1  a"1,  with  A  ■  0.4  for  DF(1)  and  A  -  0.6  for  HF(1).  Not  a  great  deal  of 
error  Is  introduced  by  using  a  T**®  temperature  dependence  for  both  He  and  Ar 
and  setting  A  ■  1.6  and  2.5  for  the  deactivation  of  DF  by  Ar  and  He, 
respectively,  and  A  ■  2.0  and  3.7  for  the  deactivation  of  HF  by  Ar  and  He, 
respectively. 

E.  HF  AND  DF  RELAXATION  BY  POLYATOMIC  MOLECULES 

Because  of  the  interest  in  the  DF-COj  transfer  laser,  HF  and  DF  relaxa¬ 
tion  in  C02  has  been  studied  in  depth.  The  DF-C02  kinetics  have  been  dis¬ 
cussed  in  Reference  2,  and  those  recommendations  remain  in  effect.  New 
studies  of  the  v  dependence  for  the  HF(v)-C02  and  DF(v)-C02  deactivation  rates 
have  been  reported  in  References  49,  56,  and  79,  and  47,  49,  and  79,  respec¬ 
tively.  The  rate  coefficients  were  found  to  increase  with  v  approximately  as 
v2  at  295  K. 

The  vibrational  relaxation  of  HF(1)  and  DF(1)  in  the  presence  of  a  number 

of  other  polyatomic  molecules  has  been  studied  mostly  at  room  temperature.  We 

have  collected  most  of  these  data  in  Table  5.  HF  vibrational  relaxation  rates 

ftfl 

have  been  correlated  with  the  energy  mismatch  between  the  HF  fundamental 
frequency  and  the  vibrational  frequency  of  the  polyatomic  molecules  (usually  a 
strong,  fundamental,  infrared-active  one).  The  correlations  are  reasonably 
good  (within  a  factor  of  3  deviation  from  linearity),  indicating  that  the 
principal  mode  of  deactivation  is,  in  all  probability,  V-V  transfer  rather 
than  just  V-R,T  transfer.  A  simple  correlation  for  DF  relaxation  rates  is 
shown  in  Fig.  8  of  Reference  2.  The  relaxation  rate  coefficients  are  plotted 
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Table  5. 

Comparison  of  HF(v  ■  1)  and  DF(v  >1)  Deactivation 
by  Polyatoaatlc  Molecules  at  Rooa  Teaperature 

Deactivating 

Molecule 

HF(v  -  1) 
k,  (Us  Torr)”1 

Ref. 

DF(v  -  1) 
k,  ( Us  Torr)” 

L 

Ref. 

ch4 

5.3  x  10-2 

81 

(2.2  ±  0.1)  x 

10_1 

83 

a 

6.4  x  10“2 

82 

2.1  x  10"2 

80 

•-  * 

(2.6  ±  0.3)  x 

10"2 

83 

* 

3.5  x  i(T2 

84 

i 

ch3f 

(0.36  ±0.04) 

83 

ch2h6 

11  x  10”2 

81 

(6.1  ±  1.0)  x 

10”1 

83 

•y 

5.6  x  10“2 

82 

. 

f 

(5.9  ±  0.6)  x 

10“2 

83 

• 

i 

9.3  x  10"2 

84 

* 

c3h8 

13.5  x  io~2 

81 

8.3  x  io“2 

82 

(8.4  ±  0.9)  x 

10"2 

83 

s 

C4H10 

17  x  io-2 

84 

(12.6  ±  1.5) 

x  IO"1 

83 

r  •„ 

(12.8  ±  0.9)  x 

10“2 

83 

i 

C2H2 

5.9  x  io"2 

82 

(4.0  ±  0.6)  x 

10"2 

83 

3  x  10_1 

85 

(2.34  ±  0.03) 

x  10"1 

87 

1 

c2H2F2 

(2.7-3. 1)  x  io 

-2 

84 

(1.86  ±  0.2) 

x  10"2 

83 

c2h4 

~  5  x  io’2 

82 

(1.75  ±  0.2) 

x  IO”1 

83 

:V 

4.9  x  10’2 

84 

C6H6 

3.6  x  10"1 

85 

(3.9  ±  0.02) 

x  IO’1 

87 

1 

cs2 

1.6  x  10“2 

85 

(4.6  ±  0.07) 

x  IO"2 

87 

1 

cof2 

(5.74  ±  0.5)  x 

10“2 

86 

(3.81  ±  0.05) 

x  IO”2 

87 

2 

so2 

(2.4  ±  0.3)  x 

IO-2 

86 

(1.27  ±  0.15) 

x  IO-2 

83 

1 

bf3 

(1.53  ±  0.15) 

x  10"3 

86 

(7.0  ±  1.0)  x 

IO-3 

83 

• 

cf4 

<  (4.2  ±  0.6) 

x  10"4 

86 

<  (1.0  ±  0.1) 

x  IO-3 

83 

j 

<  (4.2  ±  0.6) 

x  10"4 

80 

1.1  x  10-3 

83 

I 

CBrF3 

<  (3.9  ±  0.6) 

x  10"4 

86 

<  (5.8  ±  0.6) 

x  10-4 

85 

i 

! 

cf3h 

(1.95  ±  0.25) 

x  10“2 

83 
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Table  5.  Comparison  of  HF(v  ■  1)  and  DF(v  ■  1)  Deactivation 

by  Polyatomic  Molecules  at  Room  Temperature  (Continued) 


Deactivating 

Molecule 


HF(v  -  1) 
k,  (us  Torr)' 


DF(v  -  1) 
k,  (us  Torr)”1 
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based  on  the  closes t-to-resonant  vibrational  node  of  the  polyatomic  molecule. 
There  Is  considerable  scatter,  but  the  graph  does  show  a  strong  dependence  of 
k  on  AE. 

There  have  been  few  studies  of  the  temperature  dependence  of  these  deac¬ 
tivation  rates.  The  DF(1)-C02  rate  coefficient  has  an  inverse  temperature 
dependence  below  about  600  K  (Fig.  6  of  Reference  2);  a  similar  minimum  at 
about  600  K  occurs  in  the  data®®  for  HF(1)-C02*  Bott®®  found  the  rate  coef¬ 
ficient  for  DF(1)-CH^  deactivation  to  decrease  with  increasing  temperature 
(approximately  as  T  “°*®j  between  295  K  and  750  K  when  expressed  in  units  of 
cm®  mol“*  s"1.  The  rate  coefficient  for  DF(1)-CF^  was  found®®  to  be  lnsensi- 

OQ 

tive  to  temperature  in  this  temperature  range.  McGarvey  et  al.  found  the 
rate  coefficients  for  HF(1)  and  DF(1)  deactivation  by  HCN  to  vary  with  temper¬ 
ature  aa  T”1  around  295  K.  As  a  general  rule,  it  appears  that  the  faster  the 
rate  coefficient,  the  more  likely  it  is  to  have  an  inverse  temperature  depen¬ 
dence  around  room  temperature.  Attractive  forces  may  account  for  the  faster 
rate  coefficients  and  their  inverse  temperature  dependence.  In  those  colli¬ 
sions  for  which  the  attractive  forces  are  less  important  than  the  .short-range 
forces,  the  rate  coefficients  are  more  likely  to  increase  with  temperature. 

Besides  the  previously  mentioned  studies  of  the  deactivation  of  HF(v)  and 
DF(v)  by  CO2,  little  is  known  about  the  deactivation  rates  of  the  upper  vibra¬ 
tional  levels.  Kwok  and  Cohen®0  measured  rates  for  HF(v  -  1,  2,  3)  deactiva¬ 
tion  by  H2S,  CH^,  and  CF4  and  found  the  rate  coefficients  to  scale  somewhat 
faater  than  v.  Lambert  et  al.®®  measured  deactivation  rates  for  HF(v  »  3,  4) 
in  CH^  and  CD4  and  found  the  rates  for  v  ■  4  to  be  -  2.8  times  the  rate  for 
v  ■  3.  Arnold  and  Kimball®4  studied  the  deactivation  of  HF(v  -  1,  2)  by 
several  fluoroethylenes  and  found  the  v  ■  2  rates  to  be  faster  than  those  for 
v  ■  1  by  factors  between  1.9  to  2.7.  If  these  data  and  the  C(>2  data  are 
typical,  a  v  scaling  between  v  and  v®  would  be  a  good  estimate  where  no  other 
data  are  available. 

F.  VIBRATIONAL  RELAXATION  OF  H,  AND  Do 

The  recommended  gas-phaae  relaxation  rates  of  R2  and  D2  ere  unchanged 
from  previous  reviews. *  »®  Heterogeneous  relaxation  of  vibrationally  excited 
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hydrogen  molecules  has  been  Investigated  by  Heidner  and  Kasper90  and  Orkin  et 
al.^1  and  found  to  depend  on  surface  condition  as  well  as  surface  material. 
Such  deactivation  processes  would  probably  be  of  consequence  only  downstream 
of  any  laser  cavity. 


▼.  ROTATIONAL  RELAXATION 


Initial  attempts  to  model  HF  chemical  laser  performance  were  based  on  the 
assumption  of  Infinitely  fast  rotational  relaxation  rates  with  a  consequent 
Boltzmann  distribution  over  the  various  rotational  levels. The  computer 
codes  such  as  RESALE  give  reasonable  agreement  with  experimental  measurements 
of  total  power  or  energy  but  do  not  predict  spectral  output  or  line  sequenc¬ 
ing.^  More  sophisticated  codes  have  been  used  to  predict  the  effects  of 
finite  rotational  relaxation  rates  on  total  power  and  spectral  output. 

There  are  several  different  approaches  to  the  inclusion  of  rotational 
relaxation  processes.  A  code  can  be  constructed  with  detailed  reaction 
kinetics  for  each  vibrational-rotational  state  interacting  with  every  other 
vibrational-rotational  state.  Such  a  complicated  code  will  have  long  running 
times  and  will  require  detailed  rate  coefficients.  For  more  approximate  cal¬ 
culations  a  code  can  use  rotational  relaxation  times  instead  of  detailed  rota¬ 
tional  kinetics  to  describe  the  relaxation  toward  a  Boltzmann  distribution. 

The  difficulties  of  pumping  a  single  state,  monitoring  the  population  of 
that  state,  and  determining  the  product  channels  have  hindered  experimental 
studies.  The  most  extensive  series  of  studies  has  been  performed  by  Hlnchen 
and  Hobbs.  ^  a  atu^y  Qf  the  rotational  relaxation  of  HF(v  »  0,J)  in 
HF-HF  collisions  at  295  K,  they*®*  used  a  pulsed  laser  to  deplete  a  specific  J 
level  and  monitored  the  population  of  that  level  with  a  continuous-wave  laser 
tuned  to  the  same  frequency  as  the  pump  laser.  The  depleted  levels  were  found 
to  fill  at  rates  shown  in  Fig.  7.  Peterson  et  al.1®*  used  a  pulsed  laser  to 
deplete  a  ▼  ■  0  vibrational-rotational  level  of  HF  and  then  used  the  tail  of 
the  same  laser  pulse  attenuated  with  a  Xerr  cell  to  monitor  the  filling  of  the 
level.  Their  results  are  in  close  agreement  with  those  of  HLnchen  and  Hobbs. 
Gur'ev  et  al.1®*  performed  bleaching  experiments  in  which  the  energies  ab¬ 
sorbed  in  a  cell  containing  HF  at  various  pressures  and  laser  power  densities 
were  measured  and  used  to  deduce  the  rotational  relaxation  rates.  Their 
deduced  rate  for  J  -  8  is  about  10  times  lower  than  that  of  Hlnchen.  In  all 
three  of  these  studies,  only  the  total  filling  rate  of  a  chosen  J  level  was 
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Rotational  Relaxation  Rates  Deteralned  froa  Depletion  and 
Refilling  Rate  Measureaants  for  HP(v,J) 


measured,  and  the  filling  processes  may  include  multiquantua  processes  as  well 
as  single-quantum  processes.  One  problem  that  might  affect  the  interpretation 
of  these  experiments  is  line-burning  of  the  spectral  profile  and  subsequent 
redistribution  of  velocities  in  that  vibrational -rotational  level.  However, 
preliminary  results  of  Hlnchen  and  Hobbs *°*  were  interpreted  to  indicate  that 
the  velocity  redistribution  occurs  on  a  slower  time  scale,  at  least  for  J  ■  3. 

Other  rotational  relaxation  data  Include  the  detailed  measurements  by 

Hlnchen*01  of  the  rise  times  of  various  rotational  levels  in  v  -  1  after  the 
0 

fast  pumping  of  specific  rotational  level  in  v  ■  1  by  an  HF-pulsed  laser. 
Lang,  Polanyl,  and  Wanner*06  measured  with  a  laser  Infrared  fluorescence  tech¬ 
nique  the  relative  rotational  relaxation  rates  for  HF(v  -  1,  J  »  3,  5)  in  col¬ 
lisions  with  argon.  These  are  the  only  experimental  data  for  product  channels 
of  rotational  relaxation.  Both  of  these  studies  differ  from  the  studies  of 
v  ■  0  in  a  basic  way.  In  the  v  -  0  studies,  the  populations  of  all  rotational 
levels  are  characterised  by  a  Boltsmann  distribution  except  the  one  being  per¬ 
turbed.  In  the  v  -  1  studies,  there  is  essentially  no  population  in  v  »  1 
except  the  initially  pumped  rotational  level,  and  all  rotational  levels  have 
to  relax  toward  a  Boltsmann  distribution.  Care  has  to  be  taken  in  compering 
directly  the  results  for  v  •  1  and  v  -  0. 

A  rotational  relaxation  model  has  to  be  assumed  in  order  to  Interpret  and 
generalise  the  observed  data.  Lang,  Polanyl,  and  Wanner*06  fitted  their  data 
for  HF( 1 ,J)-Ar  with  an  R-T  model  with  rotational  energy  being  converted  into 
translational  energy.  Such  a  model  may  not  be  appropriate  for  H7-HF  collisions 
where  R-R  processes  may  play  a  role.  Hlnchen  and  Hobbs*01"'*0'*  used  an  R-R,  T 
model  to  fit  their  data  for  HF-HF  rotational  relaxation  while  Sentman*07 
fitted  the  same  data  with  the  Pol>:nyi -Woods  11  R-T  model.*08  The  description 
of  the  data  also  depends  on  its  use.  For  Instance,  only  exponential  decay 
times  for  each  vibrational  rotational  level  are  required  for  Rough's  code.88 

Hlnchen  and  Hobbs*0*  found  H2  and  Ha  to  be  less  effective  relaxers  than 
HP  itself  by  factors  of  10  and  30,  respectively.  Gur'ev  at  al.*05  performed 
bleaching  experiments  of  HF(0,J  -  8)  in  the  presence  of  HF,  Hj,  D2,  He,  Ar, 
Xe,  02,  °°»  002’  c82»  *****  cc-*4*  they  found  R2  to  be  less  effective  than  HF 
by  a  factor  of  30,  the  rare  gases  less  effective  by  at  least  a  factor  of  200. 
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Theoretical  studies  of  rotational  relaxation  of  HF  have  been  reported  by 
DePristo  and  Alexander, Wilkins,110  and  Feldmann  and  Ben-Shaul.11 1  A  de¬ 
tailed  review  of  these  will  not  be  presented.  However,  DePristo  and  Alexander, 
and  Wilkins  reported  that  their  calculated  values  were  much  smaller  than  the 
data  of  Hinchen  and  Hobbs  would  indicate.  Pritchard  and  coworkers  have 
recently  proposed  the  expression 

«j  *  i  •  <«'  +  »  <VV1/l 

for  the  R  ♦  T  cross  sections  oj  +  j",  where  and  Tj  are  the  initial  and 
final  relative  translational  energies,  and  (AEjj')~^  is  the  energy  difference 
between  the  states  raised  to  some  power  -X.  Experiments  performed  by  Polanyl 
and  coworkers113  for  HF  +  Ar  were  in  good  agreement  with  the  above  expression. 

In  summary,  specific  recoamendatlons  for  rate  coefficients  or  even  rota¬ 
tional  relaxation  processes  are  beyond  the  Intent  of  the  present  review.  As 
pointed  out  by  Sentman,100  even  though  rotational  relaxation  processes  are 
apparently  very  fast  relative  to  other  chemical  reactions,  the  rates  of  de¬ 
activation  by  laser  action  are  frequently  of  the  same  order  of  magnitude. 
Therefore,  the  rotational  relaxation  rates  as  well  as  the  Initial  vibrational- 
rotational  distributions  are  important  in  determining  the  spectral  power  dis¬ 
tributions.  Figure  1  of  Reference  100  shows  the  similarity  of  the  spectral 
distribution  using  rate  coefficients  that  Sentman  obtained107  by  fitting  them 
to  the  data  of  Hinchen  and  Hobbs.  The  distribution  is  in  reasonable  agreement 
with  the  experimental  data  and  would  lend  support  to  the  fast  rotational 
relaxation  rates. 
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appendix  a. 

RECOMMENDED  RATE  COEFFICIENTS  FOR  H2-F2  system 

Reaction 
Sum  bar 

Reaction 

Rate  Coefficient, 

Units  of  ca,  sole,  sec,  cal 

M,  v,  A.  g(v) 

la 

2H  +  ^  H2(0)  ♦ 

-  6.2  x  lO17?"0,95 

M  •  ail  species  except  H  ana  H-, 

lb 

2H  ♦  Hj  *  H2(0)  ♦  Hj 

k,2  -  9.4  x  1016T'0,41 

1c 

2H  ♦  H  m  KjtO)  ♦  H 

kjf  -  1.2  xlO14!0,5 

2 

r2  ♦  Nj  *  it  * 

k!J  •  5  x  101J  A*  »xp<-3S,100/RT> 

V*  l°.  V2  ■  2-7'  *H.  *  2  = 

3 

HTCv)  +  Hj  #  H  ♦  F  ♦  Nj 

1.2  A*  . 

■  n  ♦  1  *  10‘,rl 

Aji  -  1 ,  all  othar  M 

Af  *  A^  ■  A^  “  5;  Ajj  *  1.  all  ochar  M; 

4a 

r  ♦  «j(0)  *  nr<v)  ♦  a 

•x»t<-l33,100  ♦  Ey  -  I8)/*T| 

R*iV  *  *<**  *  2,4  *  10l2t°‘5  «xp(-610/RT> 

v  •  0...n 

x  •  1.2.3;  (d>  •  0.13,  g(2>  •  0.35, 

4b 

HFtv)  ♦  H  41  Hjiv')  ♦  F 

•‘AWv.v')  “  *y(v,)  *  4-0  *  >°13  .xp(-500/RT) 

g(3)  -  0.30 

g*(0)  •  g4(l)  -  0.5;  gj(0)  •  0.5. 

3 

H  ♦  Fj  sP  HF(y)  ♦  F 

kJ>¥  -  *(y)  x  J.O  x  lo’T^xxpl-IMO/RT) 

gj(l>  •  1.0;  g^CO)  •  gt(l)  •  0.5, 

g6(2)  •  1.5 

g(v  c  2)  •  0;  g(3)  •  0.07,  g(4)  •  0.13, 

6a 

HF(.)  ♦  HT  —  HF(v-l)  *  HF 

k^v  «  ^‘‘d  x  lO14!"1  ♦  3.5  x  lO4!2,24) 

g(3>  -  0.23,  g(6)  •  0.33,  g(7)  •  0.15, 

g(»)  -  0.12 

v  -  1...6 

6b 

HF(y)  ♦  Hj  *  HF(vl)  ♦  Hj 

k^y  -  y2'7!*  x  tO11?*1  ♦  1.0  x  lO4!2,24) 

y  •  1...6 

6c 

HF(y)  ♦  M4  ^  HF(v-I)  ♦  H4 

k^4y  •  A||  x  lO'V*7!4*5 

*Ar  *  *t2  *  **  *«•  -  3-7 

6d 

HF(y)  ♦  H  «  HF(.' )  ♦  H 

kS(y,y')  *  *<V*T'>  *  1012  .xp(-700/RT) 

g(l»0)  *  0-4;  f(v,v*)  •  0.7  for  v  >  2  and 

6a 

HF(y)  ♦  H  9  HF(y-l)  ♦  H 

k6.y  *  *<v)  x 

v'  <  V 

gC3)  -  1.4;  g(4)  -  2.0;  g(S)  -  2.7; 

6f 

■F(v)  ♦  F  *  HF(v-l)  ♦  F 

k|  y-  1.9  x  10  *  2y2 ' 7*xp(  -2700/  RT) 

g(6)  -  3.5 

v  -  1...6 

H 

HF(y)  ♦  DF  i  HF(y-l)  ♦  OF 

kg7,  *  »*,7d.»  x  1014T*1  ♦  2.1  x  lO4!2,24) 

a  »  1 . .  .6 

7 

HF(y)  ♦  0F(0)  SS  KF(y-l) 

k7>y  •  v2,7  x  l.S  x  lO'V* 

v  •  1...6 

$ 

♦  DF(l) 

HF(y)  ♦  HF(y')  *  HF(x*l) 

k8(y,l;y.l,0)  '  *  3.0  x  lO,Jf‘ 

a  -  1...6;  -  l 

♦  HF(y'-l) 

"«(y.*';y*l ,*•-!)  *  ‘~«0,35  *  2-«  *  Wisr‘ 

v  -  2. ..6;  v  >  v’  >2 

9 

HF(v-l)  ♦  H2(l>  «  HF(y) 

S.y  "  v°'35  x  2,4  x  1<,l°  x  l°'5«xp(*07/RT) 

v  »  1...6 

10 

♦  Hj(0) 

HF(v>  ♦  Hj(0>  «  HF(y-l) 

klO,y  *  y2'7  <7'4  x  W11^1  ♦  l*»J  T3) 

v  -  1...6 

111 

♦  Hjll) 

Hj(y)  ♦  Hj  «  Hj(y-l)  ♦  Hj 

kll,y  *  *  *  2-»  x  >°'*2*,3*h, 

"  4*  "  v  »  1 

lib 

Nj(y>  ♦  H  *  Hj(y-l)  ♦  H 

ktl,v  *  2  x  10,3«xP<-7720/RT) 

v  >  l 
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APPENDIX  B.  RECOMMENDED  RATE  COEFFICIENTS  FOR  D2~F2  SYSTEM 


Nmabrr 

Rat*  Coefficient, 

Unit*  of  ea,  aoie,  sac,  cal 

N,  Wt  A,  |{(v) 

la 

2D  ♦  Ar  *  ()2  ♦  Ar 

kAr  . 
kl 

1014T_1 

k|r  for  *11  H  other  titan  0,  0-, 

lb 

20  ♦  02  m  02  ♦  Uj 

k°2  - 
kl 

1017t-0.67 

Ic 

:o  ♦  U  i>2  ♦  u 

k?  -  3 

x  10 

2 

P,  ♦  M  *»  2P  ♦  M 

k?-' 

<  1011  »„  «xp(-]3,100/RT) 

af  -  HI.  v2  -  *•*.  *11,  -  a 

1 

Dr(v) 

k?.«- 

^  ■  ■»*.  - 

A^  ■  l ,  all  2Ch«r  M 

*0  *  'f  *  *!>F  *  '(  S  •  1  ,or 

44 

f  ♦  0_jl0)  01  UF(  v)  ♦  0 

yxp|(-l37.IJO  ♦  Ey  i  E0)/*tl 
k4,»  “  **v)  *  2*u  *  l,|liTB<*>«»p(-llJU/RT) 

all  other*;  y  *  u...n 

y  ■  1...4;  gU)  ■  o.»*7,  gi2>  •  t».2J, 

4b 

OF(w)  ♦  U  ^  F  ♦  02(v*) 

44(x,y 

•  I011  .xp(>30u/KT)  * 

gO>  ■  u.4b,  gt4)  *  U.2b;  nil)  * 

n(2)  •  u.5;  n(J)  •  ni4)  ■  «i.e9 

v*  *  y-4;  v  - 

5 

u  ♦  f2  *  UF(v)  41  r 

“j.y  ‘ 

*(*)  x  2.0  x  IO*T**'  .xp(-l43u/KT) 

v  •  4. ..12;  •  li.tlZ,  4(S)  -  u,tl4 

b* 

UF(v)  +I1K0  l)F(v-l)  ♦  OF 

(H  *  to‘*T*'*5  ♦  l.l  x  10*1^ ,J7> 

Mb)  •  U.irt,  p»(7)  -  U.lO, 

A(b)  •  ii.  14,  A(t)  -  il.ZI.  g(  III)  • 

#;IU)  •  .<1U)  •  <1. ub 

v  •  i  ...n. 

bb 

DF(v)  ♦  *  ^  DF(v-l)  ♦  * 

V1-9  X  A„  X  I«"V-5 

*4r  •  **■,  *  *•»!  V-  * 

f»C 

UF(v)  ♦  0  0k  UF<v#)  ♦  II 

kU 

*fc(y.v 

, ,  •  4  x  to"  vxp( -2‘XtO/KT) 

v  •  1  ...li;  v*  •  *  * ... l y — I ) 

bd 

DF(v)  ♦  F  0  DF(v-l)  ♦  F 

*£..  * 

x1'*  x  4  x  to11  «xp(-27u»/RT) 

v  • 

b* 

UF(y)  ♦  IIF  01  l)F(v-l)  ♦  MF 

* 

y1-9  (3.2  x  to14!*1 *  1J5T3) 

y  •  I...I3. 

bf 

ilF(v)  ♦  02  m  UP(y-l)  ♦  Oj 

u2 

* 

y*”9  (1.3  x  to11?"*  ♦  2.3  x  l'l3Ti,w> 

y  •  I...I). 

7 

OF(v)  ♦  DF(v*)  m  Df(»rM> 

k7.»  " 

il(y)  x  4  x  10*'  T*' 

^lv)  »  |w  ♦  l)u*^;  v  a  y*  *  1;  v  ■  l 

H 

♦  OF(y’-l)> 

DF(y)  ♦  U2(y*)  01  DF(y  ♦  l) 

“».«  * 

x(y)  x  1.4  x  lo*°  r'*'  yxp(4M7/RT) 

*(v>  •  (y  ♦  v  ■  U. ..12, 

9 

♦  02(y'-l) 

l>2(y)  ♦  *  +  D2<r-I>  *  " 

k}.,  * 

1.3  x  l<r*T**”  «xp(324/RT>  y4„ 

*d2  *  *»  *r  *  *r2  *  *  u‘* 

« 
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APPENDIX  C.  CHANGES  IN  RATE  COEFFICIENTS  FOR  H2»F2  SYSTEM 
FROM  1978  RECOMMENDATIONS  OF  REFERENCE  4 


Reaction 

Number 

R  eaction 

Changes  In  Rata  Coefficient* 

la 

HzIO)  +  M,0ZH  +  Mj 

Nona 

lb 

HjlO*  +  HjSZH  ♦  Hj 

Nona 

Ic 

H2(0»  ♦  H@ZH  ♦  H 

Non* 

2 

f2  +  m2@zf  ♦  m2 

Nan* 

HFl  v)  ♦  MjS  H  +  F  ♦  Mj 

Larger  by  10%. 

4a 

F  *  H^OlstHFlv)  +  H 

Largar  by  SOfc'at  300K,  within  15%  at  1000-2000K;  distribution  remains 

the  same. 

4b 

HF(  v)  +  HSH2I*'I  +  F 

Increased  by  a  factor  of  35  for  v  *  4,  a  factor  of  8  for  v  *  5,  and  a  factor  of 

6  for  v  «  6. 

5 

H  +  FjSHFIv)  +  F 

Smaller  at  300K  by  a  factor  of  2.  3,  largar  at  2000K  by  factor  of  2.  ?. 

6a 

HF(v)  ♦  HFssHFIv-l)  +  HF 

Single  quantum  inatead  of  muUiquantum,  larger  at  high  v. 

6b 

HF(  v)  ♦  HjSt  HF(v.l)  ♦  H2 

Smaller  by  factor  of  3  at  300K,  larger  by  13%  at  10Q0K,  »*•  7  inatead  of 
v  dependence,  tnveree  T  dependence  of  low  T:  T*'  "  Inatead  of  T  dependence  at  high  T. 

6c 

HF(  v)  ♦  M4S  HF(v-1|  +  M4 

Larger  by  30%  at  300K,  email*  r  by  20%  at  1000K,  »** 7  inatead  of  v  dependence. 

6d 

HFIv)  ♦  HOHFIV)  ♦  H 

Slower  by  factor  of  4  for  v  •  1,  factor  of  7  for  v  a  Z. 

6a 

HF(  v>  +  HstHF(vl)  +  H 

Factor  of  3  •  lower  at  300K  and  Z7  alower  at  1000K  for  v  <  3. 
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HF(»)  *  F«SHF(  v-l)  ♦  F 

Largar  by  6%  ,  v*‘  7  inetaad  of  v  dependence. 

6* 

HF(v)  ♦  DF—  HF(v-l)  ♦  DF 

Soma  between  300  and  1000K,  v*‘  *  sealing  instead  of  v‘  ,  single  quantum 
instead  of  multiquantum. 

7 

HF(v)  ♦  DF(0)^HF(v-l) 

♦  Drill 

Sam*  at  Z93K,  emaller  by  factor  of  3.  3  at  10O0K,  »*‘  7  ecaling  inatead  of  v. 

8 

HF(v|  ♦  HFIv'te  HF(v+l) 

♦  HFIV  -l| 

Largar  by  factor  of  v  (v  4  1)®’  **i  ZS%  for  y  *  1,  factor  of  Z.9  for  y  a  Z, 
factor  of  4. 9  for  y  a  3. 

9 

Hriv-l)  ♦  H,(  1)SHF|*| 

♦  H2(0I  * 

Larger  by  16%  at  1000K,  tame  at  300K,  y®'**ecaUhg  inatead  of  y,  T®'5  inatead  of  T®. 

10 

HF(v)  ♦  N-IOIsKFIvt) 

♦  N^ll* 

Unchanged  within  18%  between  300  and  1000K,  **’ 7  ecaling  inatead  of  v. 

IU 

H,(v)  ♦M,aHI(y-l)  *M, 

None 

lib 

Hjl*)  ♦  H0Hj(vl)  ♦  H 

Non* 
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APPENDIX  D.  CHANGES  IN  RATE  COEFFICIENTS  FOR  D2~F2  SYSTEM 
FROM  1977  RECOMMENDATIONS  OF  REFERENCE  2 


Reaction 

Number 

Reaction 

Changes  in  Rate  Coefficients 

la 

2D  ♦  ArffDj  +  Ar 

None 

lb 

20  ♦  dsd1  *  a 

Nona 

lc 

20  *  D2SOj  ♦  Dz 

Nona 

2 

F2  ♦  MSiF  *  M 

Nona 

3 

DF(v|  ♦  MS  D  *  F  +  M 

4a 

F  ♦  O2(0)sO7(v)  ♦  0 

OvtrtU  k  approximately  tho  aamt  at  100  K.  amaUar  by  a  factor  of  S  2  at  1000-2000  K. 
Distribution  remains  the  same  (however  the  expression  In  Table  A-l  of  Ref.  2 
contains  some  typographic  errors). 

4b 

of(v)  +  o  s  r  *  d2(»*i 

k  decreases  with  v  rather  than  being  v-independent. 

3 

D  ♦  FjtfOFI  v)  ♦  F 

Smaller  by  30%  at  3<XJK,  larger  by  a  factor  of  1.6  at  2000K.  g(  v)  shifted  toward 
higher  v. 

6a 

DF( v)  ♦  DFfOFIv  -  1)  +  DF 

Same  for  v  e  1,  somewhat  smaller  for  >it. 

6b 

OF(v)  ♦  MS  DFf  v  -  1)  ♦  M 

30%  smaller  at  300  K;  unchanged  at  1600  K  tor  Ar,  1,. 

909:  larger  at  300  X:  unchanged  at  1300  K  for  He.  Steeper  v  -  dependence. 

6c 

DF<  v)  +  DsDF(v')  ♦  O 

20%  smaller  for  v  >  l,  factor  of  20  smaller  for  other  v. 
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OF( v)  ♦  FsDF|«  -  1)  ♦  F 

Factor  of  2.e  faster  at  100K  for  velj  scaling  changed  from  v'  to  v*'9;  single 
quantum  Instead  of  multiquantum. 

6a 

DF(v>  ♦  HFBDFI*  •  1)  ♦  HF 

Same  for  v  a  I,  gfv)  changed  to,v  from  v  * 
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DF(v|  +  DjS  DF( v  -  l)  ♦  Dz 

30%  larger  at  29SK  and  16%  smaller  at  1000K,  g(»)  changed  to  v1,9  from  v. 

Inverse  T  dependence  at  tew  T;  T‘-  *■  Instead  of  T“* 4  dependence  at  high  T. 

7 

DFfv)  ♦  DFf  v')S  OF(  v  *  l) 

0  5  l «.  v 

Sams  for  v  a  1,  factor  of  2  Urgor  for  v  «  2.  (v+1)  *  las  toad  of  \  1.  •)  dopondonco. 

♦  OF  (V  -  11 

a 

OFI  vl  ♦  02<  V)S  DF(  v  ♦  ll 
♦  Ojl  v‘  -  11 

10%  larger  at  300 K and  20%  larger  at  1000 K,  g(v|  changed  to  (v  ♦  l)0'4  from 
(v  ♦  1). 

9 

Oj(v)  ♦  MSOjIv  -  11  ♦  M 

None 

APPENDIX  E.  CURRENT 


REACTIONS 


I.  PUMPING  REACTIONS 

A.  F  •  NjIDjI  Overall  rat* 

Vibration*!  distribution  of  product 

B.  H(O)  a  Fj  Overall  Rat* 

Vibrational  Distribution  of  Product 

1L  DISSOCIATION  .RECOMBINATION  REACTIONS 
A.  F2  ♦  M  -  2F  *  M 


B.  HjIDj)  +  M  -  2H(D)  t  M 


C.  HF(DF)  ♦  M  -  HID)  *  F  *  M 


UL  V-V  ENERGY  TRANSFER 

A.  HFIv)  +  HF(v')  -  HF(v")  ♦  HF(v<") 
DF(v|  ♦  DF(v')  -  DF(v")  ♦  DF(v"'l 


B.  HF(v)  *  Hz(0)  -  HF(V)  ♦  Hjiv'") 
DF(v)  ♦  Dz(0>  -  DF(V')  ♦  D2(v'") 


IV.  V-R.T  ENERGY  TRANSFER 

A.  SELF-R  ELAXATION: 

HF(v)  ♦  HF 
DF(v)  ♦  DF 

B.  DEACTIVATION  BY  HID)  ATOMS 


C.  DEACTIVATION  OF  HF(DF)*  BY  DFWFI 

‘(Include*  possibl*  v-v  cotrlbutio*) 

D.  DEACTIVATION  BY  Ar.  Hn,  Nj 

E.  DEACTIVATION  BY  F  ATOMS 


F.  DEACTIVATION  BY  OTHER  CHAPERONES 


V.  ROTATIONAL  R  EL  AX  AT  ION 


IN  UNCERTAINTIES  IN  BP  AND  DF  KINETICS 


HF 

SYSTEM 

DF 

SYSTEM 

200  4  IS  800: 

x  25”, 

200  STS  800: 

1 

x  25% 

800  $  TS  2000: 

±  60% 

800STS  2000: 

±  60% 

T  *  300: 

±  10% 

T  »  100: 

±15% 

T  >  500: 

t  30% 

T  >900: 

±  10% 

200  S  T  $  600: 

i  60% 

200 STS  900: 

±  60%. 

800  STS  3600: 

Factor  of  2 

800  c  T  ’S  1900) 

Factor  of  2 

T  *  300: 

±  20% 

T»300: 

±  50% 

T  >  500: 

±  40% 

T  >900: 

Factor  of  2 

M  *  He 

T  «  300:  Factor  of 

1.9  -  2 

M  •  Ar.  Fj  T  •  300 1  Largar  uncertainty 
Other  M,  other  T:  Largo  uncertainty  _ 

M  »  H2  T«  300:  ±60%  M  *  Dj  ToTooT”  *  60% 

T  >  IOOOi  Factor  of  2  T  *  1000:  Factor  of  2 

M  •  H  T  £  300:  Factor  of  1  M  >  D  T  2300:  Factor  of  I 

M  >  Ar,  Nj  All  T:  Factor  of  2  Other  M.  All  T:  Factor  of  5  .  10 

Other  M,  AH  Tt  Factor  of  I  .  10 

M  «  Ar.  T  2  M00:  Factor  of  2  All  M.  all  T:  Factor  of  I  •  10 

T  S  lOOOt  Factor  of  S 
Other  M.  All  T:  Factor  of  3  -  3 

v  *  v*  ■  I  T  *  300:  ±  40%  v  »  v'  *  1  300  *  T  *  TS0:  a  40% 

T  >900:  ±  60%  1000 « Ti  ±  60% 

Other  v.  v'.  Any  T:  Factor  of  -2  Other  v.  Any  T:  Factor  of  -  2 


ASSUMPTION  OF  AV  •  l  HAS  NOT  BEEN  VERIFIED  EXPERIMENTALLY 


v  *  1  .  3,  T-300: 

±  30% 

v  «  1  -4.  T  -300: 

±  30% 

Other  y,  any  T: 

Factor  of  -»2 

Other  v,  any  T: 

Factor  of  -  2 

ASSUMPTION  OF  AV  *  1  HAS  NOT  BEEN  VERIFIED  EXPERIMENTALLY 

v  *  l,  200  « T  C  3000:  ±  30%  v  >  I,  200  S  T  J  700:  ±40% 

v  >1,  Any  T:  '  Factor  of  1. 1  -  2  v  >  I,  Any  T:  Factor  of  1.  9  -  2 

v*  1.2.  BOOSTS  SOOi  ♦  29%  v  *  I,  T  •  300:  Factor  of  3 

v  2  3,  Any  Ti  Factor  of  9  •  10  v  2  2.  Any  Tt  Factor  of  9  -  10 

LARGE  UNCERTAINTY  IN  VIBRATIONAL  DISTRIBUTION  OF  PRODUCT  HFIDF) 

v  *  1,  300  STS  1000:  ±90%  v  *  1,  300  S  T  S  790:  ±30% 

V  >  I,  Any  T:  Factor  of  2 -  3  v  >  1,  Any  Tt  Factor  of  2-3 

V  *  I.  lOOOSTt  ±90%  V  •  I.  1000 STt  Factor  of  2 

V  >  I,  Any  Tt  Factor  of  2  v  »  1,  Any  Tt  Factor  of  3 

v  *  l.  T  •  300t  ±90%  v  *  I.  T  *  300  ±90% 

v  •  1,  T  >  1000.  Tactor  of  3  v  •  1,  T  >  1900  Factor  of  2 

v  »  I,  Any  Tt  Factor  of  2  •  3  v  >  1,  Any  T: _ Factor  of  2  - 3 _ 

Measurements  have  boon  reported  for  v  *  I,  T  •  300,  for  numerous  stable 
chaperones,  and  correlation  rules  havs  boon  proposed.  Uncertainties  in  general 
arc  approximately  a  factor  of  2.  For  T  i  300  and/or  v  >  1  the  uncertainties  are 
largar.  Also,  for  free  radical  chaperones  lo.g. ,  NF,  NF-,  CF«.  SF.,  he. I 
uncertainties  arc  larger. 

Order  of  magnitude  uncertainty  for  low  j  ( S  8).  owing  to  disagreement  between 
theory  and  experiment,  and  also  to  ambiguities  la  interpretation  of  experiments  1 
data.  Larger  uncertainty  for  j>8  owing  to  tack  of  any  experimental  data. 
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LABORATORY  OPERATIONS 


The  Laboratory  Operations  of  The  Aerospace  Corporation  Is  conducting  exper¬ 
imental  and  theoretical  Investigations  necessary  for  the  evaluation  and  applica¬ 
tion  of  scientific  advances  to  new  military  space  systems.  Versatility  and 
flexibility  have  been  developed  to  a  high  degree  by  the  laboratory  personnel  In 
dealing  with  the  aany  probleas  encountered  In  the  nation's  rapidly  developing 
space  systems.  Expertise  In  the  latest  scientific  developaents  Is  vital  to  the 
accomplishment  of  Casks  related  to  these  problems.  The  laboratories  that  con¬ 
tribute  to  this  research  are: 

Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  aerodynamics  and  heat 
transfer,  propulsion  chemistry  and  fluid  mechanics,  structural  mechanics,  flight 
dynamics;  hlgh-temperature  thermomechanics,  gas  kinetics  and  radiation;  research 
in  environmental  chemistry  and  contamination;  cw  and  pulsed  chemical  laser 
development  Including  chemical  kinetics,  spectroscopy,  optical  resonators  and 
beam  pointing,  atmospheric  propagation,  laser  effects  and  countermeasures* 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions,  atmo- 
spheric  optics,  light  scattering,  state-specific  chemical  reactions  and  radia¬ 
tion  transport  In  rocket  plumes,  applied  laser  spectroscopy,  laser  chemistry, 
battery  electrochemistry,  space  vacuum  and  radiation  effects  on  materials,  lu¬ 
brication  and  surface  phenomena,  thermionic  emission,  photosensitive  materials 
and  detectors,  atomic  frequency  standards,  and  bloenvironmental  research  and 
monitoring. 

Electronics  Research  Laboratory :  Microelectronics,  GaAs  low-noise  and 
power  devices,  semiconductor  lasers,  electromagnetic  and  optical  propagation 
phenomena,  quantum  electronics,  laser  communications,  Ildar,  and  electro-optics; 
communication  sciences,  applied  electronics,  semiconductor  crystal  and  device 
physics,  radiometric  Imaging;  mllllmetsr-wave  and  microwave  technology. 

Information  Sciences  Research  Office:  Program  verification,  program  trans¬ 
lation,  performance-sensitive  system  design,  distributed  architectures  for 
spaceborne  computers,  fault-tolerant  computer  systems,  artificial  Intelligence, 
and  mlcroalectronlcs  applications. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal  matrix 
composites,  polymers,  and  new  tons  of  carbon;  component  failure  analysis  and 
reliability;  fracture  mechanics  and  stress  corrosion;  evaluation  of  materials  in 
apace  environment;  materials  performance  in  space  transportation  systems;  anal¬ 
ysis  of  systems  vulnerability  and  survivability  In  enemy-induced  environments. 

Space  Sciences  Laboratory:  Atmospheric  and  Ionospheric  physics,  radiation 
from  the  atmosphere,  density  and  composition  of  the  upper  atmosphere,  aurorae 
and  airglow;  magnetospherlc  physics,  cosmic  rays,  generation  and  propagation  of 
plasma  waves  in  the  magnetosphere;  solar  physics,  infrared  astronomy;  the 
affects  of  nuclear  explosions,  magnetic  storms,  and  solar  activity  on  the 
earth's  atmosphere,  ionosphere,  and  magnetosphere;  the  effects  of  optical, 
electromagnetic,  and  particulate  radiations  In  space  oo  space  systems. 
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A  comparison  of  the  methods  and  results  with  theoretical  calculations"' 

(which  predict  that  DF  is  formed  only  in  v  ■  5  through  9,  peaking  at  v  -  8) 

suggests  that  the  results  of  Jonathan  et  al.*®  give  a  distribution  slightly 

too  broad,  perhaps  because  of  secondary  reactions.  On  the  other  hand,  the 

29 

results  of  Bittenson  et  al.  imply  that  the  D  +  F2  reaction  is  significantly 
more  efficient  at  converting  chemical  to  vibrational  energy  than  is  the  H  +  F2 
reaction  —  or  any  other  analogous  halogen  reaction.  Because  there  is  no  good 
explanation  for  such  a  discrepancy,  we  are  reluctant  to  base  a  recommendation 
on  those  results.  Our  recommendation  is  based  on  the  findings  of  Jonathan  et 
al.,  narrowed  somewhat  to  take  into  account  the  theoretical  prediction  that  no 
energy  goes  into  low  vibrational  levels.  The  recommended  room-temperature 
distribution  numbers  are:  kg(4)....kg(12)  -  0.02,  0.04,  0.05,  0.10,  0.14, 
0.21,  0.25,  0.15,  0.06. 


